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grate the functions, benefits and costs
of NBS.
• Numerical models with some improve-
ments are promising for NBS efficiency
evaluation.
• Data intense and computational difficul-
ties are the key cons of numerical
models.
• Cost–benefit/multicriteria decision
analysis methods are used to monetise
NBS projects.
• The existing numerical models are lack-
ing modules to optimise different NBS
measures.a b s t r a c ta r t i c l e i n f oArticle history:
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Editor: Ashantha GoonetillekeNature-based solutions (NBS) for hydro-meteorological risks (HMRs) reduction and management are becoming
increasingly popular, but challenges such as the lack ofwell-recognised standardmethodologies to evaluate their
performance and upscale their implementation remain. We systematically evaluate the current state-of-the art
on the models and tools that are utilised for the optimum allocation, design and efficiency evaluation of NBS
for five HMRs (flooding, droughts, heatwaves, landslides, and storm surges and coastal erosion). We found
that methods to assess the complex issue of NBS efficiency and cost-benefits analysis are still in the development
stage and they have only been implemented through the methodologies developed for other purposes such as
fluid dynamics models in micro and catchment scale contexts. Of the reviewed numerical models and tools
MIKE-SHE, SWMM (for floods), ParFlow-TREES, ACRU, SIMGRO (for droughts), WRF, ENVI-met (for heatwaves),
FUNWAVE-TVD, BROOK90 (for landslides), TELEMAC and ADCIRC (for storm surges) are more flexible to evalu-
ate the performance and effectiveness of specific NBS such as wetlands, ponds, trees, parks, grass, green roof/
walls, tree roots, vegetations, coral reefs, mangroves, sea grasses, oyster reefs, sea salt marshes, sandy beaches
and dunes.We conclude that themodels and tools that are capable of assessing themultiple benefits, particularly
the performance and cost-effectiveness of NBS for HMR reduction and management are not readily available.
Thus, our synthesis of modelling methods can facilitate their selection that can maximise opportunities and re-
fute the current political hesitation of NBS deployment compared with grey solutions for HMR management
but also for the provision of a wide range of social and economic co-benefits. However, there is still a need for
bespoke modelling tools that can holistically assess the various components of NBS from an HMR reduction
andmanagement perspective. Such tools can facilitate impact assessmentmodelling under different NBS scenar-
ios to build a solid evidence base for upscaling and replicating the implementation of NBS.
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Nature-based solutions (NBS) are interventions inspired and sup-
ported by nature which aim to ameliorate societal challenges in a
cost-effectivemanner, while providing humanwell-being and biodiver-
sity benefits (e.g., European Commission, 2016; Debele et al., 2019). In
recent years, NBS have received momentum due to their multifunc-
tional ability to counteract hydro-meteorological hazards (HMHs) and
to provide multiple additional (co)benefits to human communities.
However, NBS could be unable to provide ecosystem services and co-
benefits until they effectively manage and mitigate the hazards under
concern. HMHs, such as floods, droughts, heatwaves, landslides, and
storm surges and coastal erosion, are natural phenomena that induce fa-
talities and economic losses in each dwelled continent (Debele et al.,
2019; Paul et al., 2018). They accounted for almost 90% of major disas-
ters around the world in the past 20 years (Wannous and Velasquez,
2017), causing long-term physical and social damage (Alcántara-
Ayala, 2002). Global warming and the ensuing intensification of the
water cycle have been associated with the increase in frequency and
magnitude of extreme hydro-meteorological events (IPCC, 2014;
Forzieri et al., 2016). There is evidence suggesting that NBS can effec-
tively contribute to regulate the bio-geophysical processes driving
HMHs (Nelson et al., 2020), while delivering co-benefits which artifi-
cially constructed concrete or grey infrastructure cannot provide
(Anderson and Renaud, 2021). Examples of these co-benefits are the
provision of natural capital, green jobs, clean air, water regulation, ac-
cess to green spaces, recreational opportunities, or urban regeneration
(e.g., Raymond et al., 2017a). However, the general uptake of NBS is
still slow due to the lack of internationally recognised and comparable
standard methods for assessing their multi-functional performance,
hindering the establishment of a solid evidence base showcasing the
benefits of NBS over conventional grey approaches for hydro-
meteorological risks (HMRs) management (e.g., Nelson et al., 2020).
The effective NBS performance assessment requires a range of
methods, models and tools aligned with all phases of NBS-project life
cycle (Fig. 1). It incorporates all the activities done pre- and post-NBS
implementation to establish the project objectives, understand local
conditions, design the NBS intervention and choose the appropriate as-
sessment approach for performance, sustainability and cost-
effectiveness (Schwilch et al., 2011; Gachango et al., 2015; Kumar
et al., 2020). NBS implementation comprises three key processes:
(i) co-planning, (ii) co-design, and (iii) co-management (Kumar et al.,
2020). The bio-geophysical modelling can be done during co-planning
and co-management phases of NBS project life cycle. Pre-assessment
modelling (Fig. 1, Step: 2) helps evaluate the selected/surveyed NBS
alternatives and include the stakeholders' view before the NBS
implementation as a component of the scenario modelling during co-
planning phase, i.e., feasibility study. Post-assessment modelling
(Fig. 1, Step: 7) is carried out to evaluate the benefits and impact of
the implemented NBS project with different time horizons during co-
management phase for upscaling and replicating the NBS measure to
the other places. These modelling are key to evaluate the success,
costs and benefits at halfway, throughout the project, and even after
the project closure. For example, project evaluation using numerical
modelling is done before project implementation (ex-ante) and after
project closure (ex-post). Evaluating temporal changes in society and3
environment induced by NBS is essential for demonstrating its perfor-
mance. This can encourage citizens' involvement and create trust
among stakeholders during the NBS implementation phase and beyond
(Kabisch et al., 2017a; Kumar et al., 2020). However, NBS assessment is
complex and involves a combination of an eclectic array of quantitative
and qualitative variables, some of which are hard to measure by moni-
toring (e.g., Kumar et al., 2021) or subjected to high degrees of uncer-
tainty. Consequently, the use of models can help to deal with such
complexity by allowing testingmultiple and future socio-ecological sce-
narios along theprojects' life cycle, providing fresh intelligence, facilitat-
ing the communication process between stakeholders and thus
informing the decision-making process (Gonzalez-Ollauri et al., 2020).
The use of models can also establish a good basis for merging numerical
models assessing how NBS deals with HMHs with other systematic ap-
proaches evaluating the provision of ecosystem services and co-
benefits, such as cost-benefit analysis (CBA). Hence, modelling can
help evaluate the multi-functional performance of NBS
(i.e., environmental, social, and economic), thus contributing to gener-
ate a strong evidence base on NBS performance. The challenge is to de-
velop a balanced combination of experiment and modelling. Field
experiments on NBS interventions provide evidence on the bio-
geophysical performance of a specific NBS intervention. Numerical ex-
periments yield estimates of the performance of a system of NBS inter-
ventions and address the probabilistic dimension of HMR assessments.
Numerous review articles have covered several approaches for the
assessment of HMH and their management strategies. A majority of
these articles focused on the monitoring methods for NBS assessment
(Kumar et al., 2021), HMRs mapping and damage assessment (Teng
et al., 2017; Khan et al., 2020; Sahani et al., 2019), life cycle appraisals
including the economic valuation of ecosystem services (Newman
et al., 2017; Eckhardt et al., 2019; Ovando and Brouwer, 2019; Nguyen
et al., 2020), assessment frameworks for NBS (Dumitru et al., 2020;
Shah et al., 2020), upscaling and replication of NBS (Saleh and
Weinstein, 2016), and real-time forecasting of HMHs and/or HMRs.
Zhang and Chui (2019) reviewed and presented models to evaluate
the performance of green infrastructure in reducing runoff. They
assessed the strategies for optimally allocating and designing NBS in
shallow groundwater areas and highlighted that numerical modelling,
and in-situ and laboratory monitoringmethods can be applied simulta-
neously as engineering guidance and robust evaluation framework to
understand the performance of green infrastructure. Ruangpan et al.
(2020) presented an overview on the NBS interventions' scales
(i.e., small and large), examined the existing methods for NBS appraisal
and outlined themajor socio-economic factors affecting the implemen-
tation process of NBS. Supplementary Information (SI) Table S1 presents
a comprehensive summary of the relevant review articles on the assess-
ment of natural hazards, their management strategies and efficiency
evaluation methods. These studies usually covered only one type of
HMHs along with a few elements of NBS. None of them has explicitly
and extensively focused on cutting-edge modelling methods for evalu-
ating the performance of NBS for different types of HMHs and their as-
sociated risks. Thus, there is a lack of information regarding a holistic
and integrated set of modelling tools that are able to support the design
and evaluate the performance of NBS for its multi-functions and bene-
fits to the community and environment under current and/or future cli-
mate and land use.
Fig. 1. Process for executing NBS projects: the focus of this review lies on efficiency evaluationmodelling (pre-and post-assessment, Steps 2 and 7) based on produced cost-benefits of the
NBS interventions throughout its life cycle.
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mance by reviewing the state-of-the-art onmodelling tools for evaluat-
ing the efficiency of NBS against HMHs and the associated provision of
co-benefits and ecosystem services. Herein, we focus on the five types
of HMHs with the most severe impacts on human life and property
worldwide (i.e. floods, droughts, heatwaves, landslides, storm surges
and coastal erosion; Debele et al., 2019) and we set the following four
objectives: (i) systematically identify and compile the numerical
models used for the optimum allocation, design, and performance eval-
uation of NBS; (ii) highlight the advantages and limitations of the
reviewed numerical models; (iii) discuss cost-benefit analysis ap-
proaches for the cost-effectiveness appraisal of NBS projects along
with their pros and cons; and (iv) recommend future course of action
to further improve the NBS evidence base.
2. Methods, scope and outline
We adopted the systematic literature review (SLR) approach for
identifying, screening, and filtering suitable peer-reviewed and grey
(not published in academic journals) literature from different scientific
databases (i.e., Web of Science, Scopus, ScienceDirect and Google
Scholar). These are exhaustive databases, encompassing a wide span4
of subjects. SI Fig. S1 presents the steps adopted in this reviewwork, in-
dicating the number of articles identified by our searches and included/
excluded for peer-review. Some pertinent papers might have been
missed from our review due to the reasons as follows: (i) we restricted
our review to articles published in English language and issued between
1978 and 2021; (ii) we used a specific set of keywords for the database
search.
The scope of this review is limited to the application of modelling
tools for the evaluation of NBS performances against floods, droughts,
heatwaves, landslides, and storm surges and coastal erosion. We se-
lected these five HMHs for analysis as they have the most severe im-
pacts in terms of casualties, property damage and economic loss in
Europe and elsewhere with significant regularity and/or intensity. For
example, these five HMHs accounted for about 80.6% loss of life, and
75.2% economic losses in Europe while the remaining fractions were
contributed by the other hazards (e.g., earthquake, forest fires, volcano,
etc.). The corresponding contributions by these five hazards across the
world were about 43.5% loss of life and 74.5% economic damages
(Debele et al., 2019; Kumar et al., 2020). For NBS evaluation methods,
we focused on reviewing (i) numerical or process-based models, and
(ii) CBA and multi-criteria decision analysis/making (MCDA/MCDM).
HMR mapping and physical damage evaluation are beyond the scope
P. Kumar, S.E. Debele, J. Sahani et al. Science of the Total Environment 784 (2021) 147058of our review paper. NBS is flexible and considered as a no-regret mea-
sure; it provides a wide range of direct benefits and co-benefits that go
beyond the function of buffering HMHs at different scales. These co-
benefits are not discussed in detail and rather the readers are directed
to the relevant literature, keeping the main scope of the paper to the
evaluation of NBS effectiveness for HMR reduction and associated mon-
etary benefits.
SI Table S2 lists the keywords used for the database search. This
search resulted in over 7873 publications including reports, reviews,
and research papers. An initial screening discarded 7575 publications
whose titles and/or abstracts did not fit the scope and goal of this re-
view. The remaining 298 articles were found suitable for full text re-
view. Fig. 2a depicts the distribution of the selected articles per year of
publication and topic, which reveals an exponential increase in NBS re-
lated studies after 2010. Among these, 64% dealt with the models and
tools to simulate NBS efficiency against HMHs (floods, 18%; droughts,
14%; heatwaves, 11%; landslides, 10%; and storm surge, 10%) and the re-
maining 36% coveredNBS (13%), CBAof NBS (11%), advantages and lim-
itations of modelling techniques and CBA (7%), and other aspects (5%)
(Fig. 2b and c).
This article is organised into seven sections: Section 1 covers the
background and importance of efficiency modelling of NBS for HMH,
past works on the topic and the need for this review. Section 2 explains
the adopted review methodology. Section 3 discusses different NBS
modelling and evaluation approaches along with their required input
parameters and indicators. Section 4 analyses the advantages and disad-
vantages of these modelling techniques. Section 5 extends the NBS effi-
ciency modelling discussion by including cost and benefit factors of
their socio-economic impacts, rather than just biophysical consider-
ations for their selection. Section 6 underscores the research gaps and
potential way forward for further research, considering current chal-
lenges in developing an NBS modelling framework. Section 7 presents
the conclusions.Fig. 2. Full-text articles (298) considered in this review: (a) number of publica
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3. Assessment framework: overview of modelling approaches
Fig. 3 summarises numerous modelling methods. These differ in ac-
curacy and complexity but could help strategic planning and designing
of NBS for HMH reduction and management (Deak-Sjöman and Sang,
2015). These methods have drawn attention towards simulating the ef-
ficiency of NBS against HMHand have been included in a number of NBS
projects in close collaboration with stakeholders from different sectors.
Depending on their use and mathematical formulations, the model
structure can be empirical (e.g., Artificial Neural Networks; Schumann
et al., 2009; Devia et al., 2015), conceptual (e.g., HBV, TOPMODEL,
HSPF; Devia et al., 2015; Johnson et al., 2003), and process-based or nu-
merical (e.g., MIKE-SHE, WRF, SWMM; Devia et al., 2015; Brunner,
2016; Moulinec et al., 2011; Vacondio et al., 2011). Empirical models
are widely intuitive but are only reliable when applied to scenarios sim-
ilar to those used as a reference for their build up. Numerical models
tend to be more sophisticated and computationally demanding. They
solve the mathematical equations describing the physical phenomena
under simulation (e.g., conservation of momentum, mass, and energy
for simulating water and air flow). This physically-based simulation al-
lows assessing new NBS scenarios. Zhang and Chui (2019) concluded
that the simulations of process-based models tend to be more effective
and provide more robust results for NBS design and their in-situ moni-
toring than empirical and conceptual models. Based on their spatial
characterisation, these can be categorised into one dimensional (1D),
two dimensional (2D) or three dimensional (3D) models. The structure
of themodel determines how input data is used tomap HMR, assess the
damage and simulate NBS remediation effects. However, different
modelling approaches provide different capabilities for evaluating the
NBS efficiency.
Numerical models can be grouped into three types (e.g., Zhang and
Chui, 2019): green approach-explicit surface-subsurface models
(e.g., ENVI-Met, SWMM-LID-GW, SWINGO-VFSMOD, GIFMOD),tions by year and (b) percentage and (c) number of publications by topic.
Fig. 3. Different model structures along with the working principles, advantages and limitations, input data, and examples of different models.
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SHE, VELMA, SHETRAN, GSFLOW) and variably saturated permeable
media models (e.g., FEFLOW). Zhang and Chui (2019) also categorised
numerical models for performance evaluation of NBS at planning
(e.g.,multiple green infrastructure practices atwatershed scale) and de-
sign levels (e.g., individual green infrastructure) based on their capabil-
ities and potential applications. For instance, some studies have applied
numerical models such as hydrodynamic models (e.g., MIKE-SHE,
SWAT, MODFLOW) for evaluating the hydrological efficiency of green
infrastructure (Zhang and Chui, 2017, Göbel et al., 2004; Newcomer
et al., 2014; Thompson et al., 2010; Stewart et al., 2017; Joyce et al.,
2017). 1D, 2D and 3D hydrodynamicmodels (e.g., SWMM, UrbanBEATS,
MIKE-SHE, HEC-RAS, HEC-GeoRAS, SWAT, Flood Modeller, LISFLOOD-
FP, ADCIRC, TELEMAC) have been utilised to evaluate the performance
of NBS (e.g., wetland, ponds, bio-retention, grass swale, porous pave-
ment, salt marshes, sea grass) against floods, storm surges and droughts
(Tayefi et al., 2007; Guida et al., 2015; Niu et al., 2016; Yeo et al., 2019;
Jamali et al., 2018; Highfield et al., 2018). A few studies (e.g., Joyce et al.,
2017; Bach et al., 2020) developed amulti-scale modelling technique to
evaluate the efficiency of a green-NBS. In addition, the SystemDynamics
Modelling (SDM) approach is being increasingly utilised for the assess-
ment of NBS effectiveness, with a particular focus on their ability to pro-
vide multiple co-benefits, such as nature conservation, human health,
and well-being, besides buffering communities from HMRs. The appli-
cation of SDM techniques could support studying the behaviour of com-
plex systems through time by changing the whole system into a set of
variables that are interrelated through feedback loops (Chen and Wei,
2014; Zomorodian et al., 2018). For instance, Pagano et al. (2019) devel-
oped a participatory SDM framework for the stakeholders' evaluation of
NBS multi-dimensional impacts throughout its project life cycle. Such a
framework has been implemented in the Glinščica river (Ljubljana,
Slovenia) to quantitatively evaluate the effectiveness of NBS to handle
flood risks. The studyhighlighted that the applicability and effectiveness
of the framework was hindered by some elements of uncertainty, such
as insufficient spatial information or the lack of an economic assessment
of the chosen strategies and requiring further research before its consid-
eration to support decision-making processes. All these models and6
tools are utilised to: (i) understand the driving processes of HMHs in
hazard-prone zones; (ii) predict the occurrences of HMH using proxies
or indicators (e.g., water level, temperature), and (iii) simulate NBS per-
formance against HMHs and enable adaptive management of the NBS
(e.g., which plant cover is more effective against landslides?; which
minimum water level is sustainable against drought?). The advantages
of using numerical models to achieve the former goals are:
(i) handling, merging and simplifying realistically complex environ-
mental scenarios and processes; (ii) undertaking long-term predictions
beyond the project's timescale and detecting emergent properties of the
ecosystems under study, (iii) managing the sensitivity and uncertainty
associated with the environmental processes modelled and their input
variables, and (iv) setting and assessing multiple case scenarios of cli-
mate, land cover, socio-economic contexts, and/or NBS management.
In general, the NBS can be included into each modelling technique
reviewed below (Sections 3.1–3.5) by considering land cover changes
and/or through the solution of boundary value problems, which are
generally input into the models as geospatial datasets
(e.g., shapefiles). Yet, the underlying mechanisms by which NBS regu-
late the drivers triggering HMHs must be incorporated in the models
through the modification of key, sensitive variables/proxies/indicators
or through changes in the mathematical functions explaining their be-
haviour numerically. Given that there is a severe lack of evidence base
of how NBS perform (Ruangpan et al., 2020), the use of models opens
an exciting opportunity to foresee NBS performance and contributes
to overcome the knowledge gap obstacle for their implementation.
3.1. Flood
The modelling techniques for flood inundation and flood frequency
analysis have significantly improved in the last half century (Teng
et al., 2017; Debele et al., 2017a; Debele et al., 2017b; Debele et al.,
2017c). The models incorporating NBS for flood remediation have
broadly been used in flood risk assessment and mapping (Li et al.,
2019a, 2019b; Thorslund et al., 2017; Wu et al., 2019; Martinez-
Martinez et al., 2014; Yeo et al., 2019; Vinten et al., 2019; Guida et al.,
2015; Vuik et al., 2018; Jurczak et al., 2018; Alves et al., 2020; Lin
Table 1
Overview of input hydroclimatic variables used to understand flood risk and numerical models used to simulate the efficiency and performance of NBS against flood risk.
Purpose Type of NBS (place) Models to simulate NBS
efficiency
Input hydroclimatic parameters References
To study the potentials of wetlands using the
SWAT module of a GIS platform.
Wetlands (Bojiang Haizi
River, Erdos Larus relictus)
SWAT Daily rainfall, wind speed, RH, solar
energy and air temperature
Li et al. (2019a)
To study the effects of vegetation on flood
wave attenuation on the basis of a
combination of field observation and
numerical modelling.
Salt marshes and coastal
wetlands (Western Scheldt
estuary, the Netherlands)
SWAN numerical wave model Field measurement, bathymetry,
ocean current, ocean water level,
bottom fraction, and wind speed.
Vuik et al. (2016)
To assess the functions of estuarial and tidal






Wind velocity and atmospheric
pressure
Highfield et al. (2018)
To simulate the role of wetland and







Wind velocity, atmospheric pressure,
topo bathymetric, manning
coefficient
Barbier et al. (2013)
To develop methods to delineate wetland
inundation extent at basins.
Wetlands (Prairie Pothole,
central North Dakota)
LiDAR, ArcGIS Multi-temporal NAIP imagery,
national wetlands inventory dataset,
NDVI
Wu et al. (2019)
To study the effects of wetland regions their
depth and positioning on river flows and









To simulate hydrological processes with and
without geographically isolated wetlands.
Contracted wetland
(Greensboro Watershed,
Mid- Atlantic Region of USA)
SWAT-WET DEM, wetland drainage zones, daily
precipitation temperature, and
streamflow.
Yeo et al. (2019)
To analyse the role of weir and dredging of
the channel in reducing upstream flood
risks.
Wetland conservation, pond,
lake (upper Lunan basin
Scotland)
HEC-RAS Maximum elevation, river water
levels, discharge, lake water levels,
precipitation
Vinten et al. (2019)
To simulate the potential of wetlands in






DEM, hourly averaged wind speeds,
water level.
Stark et al. (2016)
To apply a novel framework of hydrodynamic
and geospatial modelling to simulate the
optimal flood risk reduction measures by
wetland.
Wetland (Lower Tisza River,
Hungary)
1D HEC-RAS model, ArcGIS,
HEC-GeoRAS
DEM, daily discharge, maximum
annual discharges, levees height
Guida et al. (2015)
To present a method that can describe the
failure likelihood of a hybrid flood water
protection system by integrating numerical
models with stochastic models.
Hybrid flood (Netherlands) 1D wave energy balance Mean wave period, water level,
significant wave height, and wind
speed
Vuik et al. (2018)
Using the hybrid (blue-green) approach to
retain and purify stormwater runoff from
the street.
Hybrid (blue green) (Łódź,
Poland)
Field survey Precipitation, discharge Jurczak et al. (2018)








Evaporation, Wind speed, Basin
elevation
Niu et al. (2016)
Investigating whether an increase in the
number of nature-based features can
reduce surface runoff in hillslope areas.






Precipitation, digital elevation model Metcalfe et al. (2017)
Effect of applying NBS on several hydrological
variables related to floods.








Simulating changes in flow of water along
channels and across surfaces due to
application of NBS.
Storage pond (Tarland Burn
catchment, UK; Spercheios
River Basin, Greece)
TUFLOW Precipitation, Basin boundary, Initial
water level, Land use, Soil infiltration,
Elevation
Ghimire et al. (2014)
Spyrou et al. (2021)
Potential of green infrastructure in regulating
surface runoff under climate change
scenarios.
Trees and green roofs
(Munich, Germany)
MIKE-SHE Precipitation, Basin boundary,
Manning's number, Wind speed,
Evaporation, Temperature
Zölch et al. (2017)




MIKE-21 Precipitation, Basin boundary,
Manning's number, Wind speed,
Evaporation, Temperature
Narayan et al. (2017)
Investigating the synergic effects of floodplain
restoration on flood risk reduction
Forest and wetland
revegetation (Vermont, USA)
HEC-RAS and economic flood
damage cost model
Precipitation, River channel, river
cross section
Gourevitch et al. (2020)
A hydrodynamic approach is combined with
an optimisation function to assess various
green, blue and grey solutions in an
integrated way.
Green-blue-grey approach







Model simulated precipitation data
and evaporation
Alves et al. (2020)
To evaluate the efficiency of isolated wetland




(Prairie Pothole Region of
North America)
HydroGeoSphere model DEM, water level, rainfall Ameli and Creed (2017)
To evaluate the performance of dune
structure reconstruction as a DRR solution
in the face of current and future sea level







Temporal analogue extreme storm
event from 5 to 6 February 2015, used
to test the NBS
Fernández-Montblanc
et al. (2020)
A societal scale model was built to estimate
the efficiency of green NBS on reducing the





Urban flooding Liu et al. (2014)
(continued on next page)
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Table 1 (continued)
Purpose Type of NBS (place) Models to simulate NBS
efficiency
Input hydroclimatic parameters References
runoff.
To estimate overall benefits of flood storage
capacity which was implemented as part of
the restoration of wetlands in this area.
Wetland and ponds
(Cambridgeshire, UK).
TESSA toolkit Peh et al. (2013)
To estimate the impact of shore area wetlands




MIKE-21 flood model The model was simulated by the
wind which was based on observed
data
Bathymetry data was part of the
MIKE model C-MAP.
Narayan et al. (2017)
To offer a worldwide study of the




Delft3D Historical cyclones and normal waves
and sea level astronomical, storm
surge, tide and mean sea level to
generate the regression model
Menendez et al. (2020)
To present a methodology for the choice and







A macro scale approach for
urban flood modelling, using
the Mike Urban
hydrodynamic model.
Rainfall return periods (1-in-2 year,
and 1-in-20 year)
Majidi et al. (2019)
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2020) and coastal flood risk mapping (Vuik et al., 2016; Highfield
et al., 2018; Wamsley et al., 2010; Liu et al., 2019; Stark et al., 2016).
Here, we briefly discuss the models which have been used to simulate
the efficiency and performance of NBS, such as wetlands, ponds, and
green approaches against flood risk along with their scale and
input data.
Table 1 presents a comprehensive summary of models used to simu-
late the efficiency and performance of NBS againstflood risk. TheHydrau-
lic Engineering Centre-River Analysis System (HEC-RAS) is a widely used
hydraulic model for determining inundation extent, mapping the flood
risk and simulating the effect of NBS designs (Guida et al., 2015; Tayefi
et al., 2007). Thesemodels can simulate scenarios at high spatial and tem-
poral resolution (usually ranging from 5m to 2000 m and less than 0.1 s
to 24 h). HEC-RAS models require the following input data: (i) geometry
data (shape, size, elevation and connectivity of stream cross-sections), (ii)
boundary and initial conditions data (flow or water depth), and (iii)
geospatial data, which can also be included to overlay the model on
georeferenced maps (Psomiadis et al., 2021; HEC-RAS, 2016). For exam-
ple, Guida et al. (2015) used1Dand2DHEC-RAShydraulicmodels and in-
vestigated the floodplain reconnection and the role of wetlands in
attenuating flood waves using hydrologic and geospatial data for the
Lower TiszaDistrict inHungary. These data includeddaily river levelmea-
surements, observed daily river discharges, a 5 m digital elevation model
(DEM), shapefiles including river levees location and population data. El-
evation data were extracted from DEM cross-sections, while wetland
areas were identified and digitised from georeferenced historic maps.
Thomas and Nisbet (2007) used HEC-RAS to simulate the effect of wood-
land on changes in peak flow, velocity and stage, travel time and storage
volume at a 2.2 km reach in River Cary, UK. The surface runoff was simu-
lated for three scenarios: the existing situation, a complete woodland
cover and a partial woodland cover. They found that woodland delayed
the flood peak arrival and lowered the peak discharge but increased the
duration of theflood event. Tayefi et al. (2007) applied anovel framework
of hydraulic (1D and 2D HEC-RAS) and geospatial modelling (HEC-
GeoRAS) to determine the optimal flood risk reduction measures. They
simulated two scenarios, considering the presence of a levee and its re-
moval to reconnect the river and wetland, and found that the wetland
connection significantly reduced flood depth and potential damage to
human populations.
MIKE-SHE is a 1D, 2D and 3D hydrological and hydraulic modelling
system capable of simulating overland and soil flow, aswell aswater qual-
ity processes in rivers, floodplains, wetlands and reservoirs. Many studies
have applied 1D MIKE 11 coupled with MIKE-SHE (e.g., Thompson et al.,
2004; Clilverd et al., 2016) or alone (e.g., Thompson et al., 2017; Clilverd
et al., 2016) to simulate the potential of NBS for mitigating flood risks8
and climate change impacts in many parts of the world. The basic dataset
required to simulate, for instance, the effect of floodplain restoration is:
(i) pre- and post-restoration topography, (ii) discharge and meteorologi-
cal data (daily precipitation, potential evapotranspiration and observed
groundwater elevations), and (iii) hydraulic geometry. The temporal and
spatial discretisation of the model ranges from 1 to 30 min and
1–1000 m, respectively. Zölch et al. (2017) assessed the potential of
green NBS (green roofs and trees) in controlling urban flooding in the cur-
rent and projected (2030–2060) climate scenarios for storm events of dif-
ferent return periods or probability of occurrence in Munich, Germany
using the MIKE-SHE model. They found a maximum reduction in peak
flows of 14.8%, which was highly associated with shares of green cover
compared to the baseline scenario. Metcalfe et al. (2017) evaluated
nature-based in-channel features/barriers, such as low earth bunds and
debris dams to create storage, increase the subsurface flow and reduce
the surface runoff or peak discharge during a storm event in a hillslope
area at the Brompton catchment, UK, using a coupled hydrological-
hydraulic model. TOPMODEL (semi-distributed hydrological) model was
used tomimic hillslope overflow into the river channel, and a 1Dhydraulic
channel routing scheme was used to model the water levels, flow veloci-
ties in the river network and to connect the river channel with the flood-
plain. The study found that the optimal number of barriers in the areawas
59, which can reduce the peak discharge by 10.6% and a delay in peak by
2 h 45 min. Other hydrodynamic models such as MODFLOW, HYDROBAL,
SWMMandHYDRUSmodels are also used to simulate the efficiency of dif-
ferent NBS designed to reduce flood risks.
Storm Water Management Model (SWMM) developed by the US
EPA is an integrated hydraulic and hydrological modelling tool which
is broadly used to assess the efficiency of low-impact development
measures in urban environments (Zhang and Chui, 2018). SWMM is
widely used for the analysis and design of urban drainage systems
(e.g., Elliott and Trowsdale, 2007; Jayasooriya and Ng, 2014; Zhang
and Chui, 2020). It simulates the rainfall-runoff transformation using a
catchment-based lumped approach and the conveyance of stormwater,
sewage and pollutants in the drainage network usinghydraulics numer-
ical methods. SWMM can also simulate losses due to infiltration and
evaporation, and runoff retention and ponding. It can be used to evalu-
ate grey approaches to rainwater drainage (e.g., stormdrains and pipes)
and is an effective model for establishing cost-effective hybrid
(e.g., green-grey) NBS as rainwater control measures. For instance, it
can explicitly simulate the effectiveness of hybrid NBS, such as rain gar-
dens, continuous permeable pavement systems, rainwater harvesting,
green roofs, rooftop, vegetative swales, bioretention cells/bioswales
and infiltration trenches against flooding at the urban scale (Nizzi
et al., 2017). The input data requirements are: (i) a land surface compo-
nent containing the definition of sub-catchments and their runoff
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pipes, channels, flow regulators, and storage units; (iii) external forcing
data (precipitation, temperature, evaporation); (iii) a subsurface
groundwater component; (v) contaminant build-up, wash-off, and
treatment; and (vi) LID controls to represent combinations of green-
grey infrastructure practices. Zhang and Chui (2020) integrated the
modified SWMM which is called SWMM-LID-GW, with MODFLOW to
form a loosely-coupled surface-subsurface hydrological model
(SWMM-MODFLOW) that can evaluate the surface runoff and ground-
water table dynamics of NBS (e.g., bioretention cells) of various spatial
apportionments at a watershed scale. Based on the simulation results,
they concluded that the effectiveness of spatial apportionments of NBS
(e.g., bioretention cells) depends on (i) the aggregation level, (ii) the ex-
ecution ratio, and (iii) the relative location of bioretention cells in the
catchment. Zhang et al. (2018) also used SWMM-LID-GW to simulate
water movement in the soil and its interaction with the surface for a
more holistic performance assessment of NBS. Niu et al. (2016) analysed
the effect of bio-retention, grass swale and porous pavement in the re-
duction of runoff at the Tianjin University campus (2.5 km2), China,
using the SWMM software. Based on the 2D grid-based hydrodynamic
model called TUFLOW, Ghimire et al. (2014) simulated the water flow
along channels and across surfaces at the Tarland Burn sub-catchment
(74 km2) of the River Dee. They showed that a pond as an NBS reduced
the peak discharge and that this reduction was positively related to the
storage capacity.
Flood Modeller (1D and 2D) is a hydrodynamic model developed to
solve the shallow water equations (Jamali et al., 2018). Flood Modeller
simulations require the following input datasets: river networks,
event data (rainfall events, historical river discharge, water level),
boundary conditions (1D and 2D), cross sections (for 1D). In the simu-
lation, flood risk NBS intervention can be introduced in the form of
weirs which will create mill ponds and help to attenuate flood peaks
and prevent the associated risks. LISFLOOD-FP is another hydrodynamic
modelling tool able to solve the 1D open channel shallow water equa-
tions which takes advantage of DEM for flood mapping (Neal et al.,
2018; Sosa et al., 2020). The model has been successfully used to simu-
late NBS performance with DEM grid resolutions of 25–100 m and time
steps ranging from 2 to 20 s. The input data requirements are: (i) raster
DEM, (ii) boundary conditions in the form of hydrographs or time-
varying water surface elevation, (iii) rainfall, (iv) channel geometry,
(v) channel and floodplain friction. Other hydrodynamic models, such
as HydroGeoSphere (e.g., Ameli and Creed, 2017), and HEC-HMS
(e.g., Tang et al., 2020) are also used to simulate flood risk maps and
damage assessment along with potential NBS (Table 1).
Soil and Water Assessment Tool (SWAT) is a semi-distributed,
watershed or river basin scale model designed to mimic the quantity
and quality of water bodies and forecast the environmental effect of
land use, land management activities, and global warming. It is widely
used in evaluating soil erosion prevention by soil and water
conservation measures (Melaku et al., 2018), and flood risk reduction
through wetlands (Yang et al., 2016; Wu et al., 2019; Yeo et al., 2019;
Li et al., 2019a). It requires the following input data: (i) watershed
DEM, (ii) hydrological response units, (iii) ponds/wetlands/reservoirs
shapefiles, (iv) point sources, and (v) meteorological data (daily
precipitation, temperature, potential evapotranspiration, relative
humidity (RH), wind speed and solar radiation). SWAT has been used
to simulate NBS efficiency against flood risk and damages alone
(e.g., Yeo et al., 2019; Martinez-Martinez et al., 2014) or in combination
with ArcGIS (e.g., Li et al., 2019a). The ArcGIS software is a comprehen-
sive and integrated general-purpose geographical information system
developed by the ‘Environmental Systems Research Institute’ for
combining and analysing geospatial data (Maguire, 2008). It allows
the creation of geographical features, such as water bodies or green
infrastructure in the form of shapefiles that are fed into some of the
above-mentioned models. It also allows mapping and analysing the
modelling results.9
3.2. Droughts
Several modelling approaches can be utilised for evaluating the cur-
rent and anticipated effects of NBS across various drought conditions
(Somarakis et al., 2019). Table 2 summarises the input variables used
to understand drought risk, the types of NBS used for its amelioration
and the most common numerical models to simulate the efficiency
and performance of NBS against drought risk. For example, ParFlow-
TREES is a hydrological model that amalgamates groundwater and
plant hydrology and hydraulics to evaluate the diverse response of for-
est to drought at the watershed scale (Tai et al., 2018). It can solve var-
iably unsaturated and saturated soil flows in 3D utilising either a
terrain-following semi-structured grid or an orthogonal grid that allows
finevertical resolution in the upper soil layers, andunconfined anddeep
confined aquifers. ParFlow-TREES determines the changes of shallow
and sub-surface flows by optimising the surface water equations
coupled with the Richards equation for soil water flow using a finite-
difference approximation. It simulates the water movement following
the hydraulic gradient vertically in the plant, soil and environment con-
tinuum and in the transversal direction underground (Maxwell, 2013).
The input variables required are: (i) leaf and branch area index; (ii) hy-
draulic variables (upper and lower layer soil hydraulic conductivity at
saturation, manning's coefficient, initial and boundary conditions);
(iii) meteorological variables (dew-point temperature, forest albedo,
air temperature, atmospheric longwave radiation, wind speed and pre-
cipitation); (iv) soil data (soil water potential, upper and lower layer
soil moisture content at saturation); (v) NBS characteristics (trees:
types, density, trunk size, the volume of branches and leaves, height,
and rooting depth). For example, Tai et al. (2018) applied the
ParFlow-TREESmodel to simulate plant transpiration and photosynthe-
sis, and thus estimated the vulnerability of coastal cottonwoods in
southwestern Canada to sustained meteorological drought and varia-
tion in river flowusing themeteorological variables (CO2 concentration,
atmospheric pressure, photosynthetically active radiation, temperature,
wind speed, precipitation, vapor pressure deficit). The model demon-
strated a sustained nexus between regional subsurface flows and the
ecological processes that could help reduce hydrological drought at
the landscape scale and guarantee the survival of trees or forests.
Agricultural Catchments Research Unit (ACRU) model is flexible,
comprehensive and can mimic river discharges, evapotranspiration,
and the impact of water abstractions on the aquifer at daily time steps
at sub-catchment or catchment scale (Schulze, 1995). Simulated
stormflow and baseflow in streams depend on the daily precipitation
with respect to the dynamics of the soil moisture budget. The model
input variables are (i) air temperature, (ii) daily precipitation, and (iii)
land cover type and soil characteristic of the spatial unit beingmodelled
(Rebelo et al., 2015). Mander et al. (2017) used ACRU coupling hydro-
logical and economic models to instigate further water-related ecologi-
cal and economic investments in infrastructure in South Africa. They
evaluated the efficiency of NBS consisting of thicket vegetation to en-
hance base-flows in dry periods and to reduce flood peaks.
SIMulation of GROundwater and surface water levels (SIMGRO) is a
comprehensive, distributed and transient model that mimics surface
and groundwater flow in the saturated and unsaturated zone by
schematising the system geography, both horizontally and vertically
at subregional and regional scales (Querner and Povilaitis, 2009) and
is suitable for studying droughts (Querner, 1988). The horizontal
schematisation enables the input of various soils and land cover types
as sub-regions to simulate spatial variations in moisture content in the
unsaturated soil (Querner and van Lanen, 2001). SIMGRO requires
input data such as topography, hydrogeological parameters, land
cover, soil characteristics, and geological strata. SIMGRO has been ap-
plied to evaluate current and improved water management practices
in arid areas (see e.g., Querner et al., 1997) and to evaluate interventions
in water management to mitigate the impact of irrigation on soil and
water salinity (Kupper et al., 2002). Earlier, Querner and van Lanen
Table 2
Overview of input hydroclimatic variables used to understand droughts risk and numerical models used to simulate the efficiency and performance of NBS against drought risk.
Purpose Type of NBS (place) Models and tools to
simulate NBS efficiency
Input hydroclimatic parameters References
Hydrological and economic modelling to
estimate costs and benefits of ecological
restoration for increasing annual
streamflow
Re-vegetation of hillslopes
and degraded land, removal
of invasive plant species.
ACRU Terrain topography, daily rainfall,
temperature, soil descriptors, land use/land
cover. Restoration costs (e.g., project
duration, extent of target area, degradation
level, type of water yield prioritised).
Benefits based on water gains and average
water value.
Mander et al. (2017)
Observation to alleviate hydrological
drought as part of an integrated water
resource management plan.
Increasing the water table in
the main waterways and







Terrain topography, soil type, geological
strata, land use and hydrological variables.
Querner and van Lanen
(2001)
To simulate plant transpiration and
photosynthesis and thus estimate the
vulnerability of coastal cottonwoods in
south western Canada to sustained mete-
orological drought and variation in river
flow
Trees: types, density, trunk
size, volume of branches
and leaves, height, and
rooting depth (south
western Canada)
ParFlow-TREES Meteorological variables (CO2
concentration, atmospheric pressure,
photosynthetically active radiation,
temperature, wind speed, precipitation,
vapor pressure deficit).
Tai et al. (2018)
Hydrological modelling to estimate the
impact of global warming which could
change dry spell length and the effect of













Rainfall, wind speed, RH, air pressure and
cloudiness, daily temperature.
Veijalainen et al. (2019)
To investigate the potential of wetlands and
salt marshes to reduce drought risks in
the Bojiang Haizi River basin, Erdos Larus
Relictus Nature Reserve plateau.
Wetlands, salt marsh and
retention ponds (Global)
SWAT Land use, topography, soils, wetland field
data, precipitation, temperature, solar
radiation, wind speed, RH, potential
evapotranspiration.
Li et al. (2019a)
SWEMs is an important tool to forecast the
effect of meteorological variables -
precipitation, atmospheric CO2
concentrations and temperature on soil
erosion and agricultural drought and used
to assess the effects of forest, cropland




Soil and Water Integrated
Model (SWIM)
Temperature observed soil erosion,
precipitation (rainfall, rainstorms, and
freeze-thaw cycles) and atmospheric CO2
concentrations.
Guo et al. (2019)
To evaluate the efficiency of plants with
deep roots to seasonal drought risk or to
mimic changes in rooting depth with
time.
Drought tolerant, crops, root
depth (Global)
HYDRUS 2D/3D Plant root water uptake in the horizontal
and vertical directions, soil hydraulic
functions and root distribution with depth.
Ghazouani et al. (2019)
To investigate vegetation and hydrological
responses to global warming in a forested
mountainous watershed dynamic
vegetation model (LPJ) coupled with a 3D
hydrogeological model (MODFLOW) to
estimate the effect of global warming on a









Mean meteorological data (precipitation,
amount of wet days, cloud cover, air
temperature), vegetation and soil.
Beaulieu et al. (2016)
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watersheds in the eastern Netherlands to alleviate hydrological drought
as part of a current and future holistic water resource management
approach. Increasing the water amounts in the main waterways and
raising the beds of the small watercourses by weirs was used as a
nature-based intervention in this model which increased the ground-
water level and thereby reduced groundwater drought.
A more specialised numerical hydrological model, the Watershed
Simulation and Forecasting System (WSFS) was applied by the Finnish
Environment Institute (Vehviläinen, 1992; Vehviläinen et al., 2005) to
forecast the effect of droughts under different climate change scenarios.
Results showed that severe droughts could have a substantial effect on
waterways, leading to a decrease in the water supply in Finland, with
negative impacts on hydropower production and agriculture.
3.3. Heatwaves
The effectiveness of NBS for mitigating the impacts of heatwaves or
heat stress has been studied using different modelling techniques.
ENVI-met, a micro-scale 3D computational fluid dynamics (CFD)
model (Wang and Akbari, 2016; Chatterjee et al., 2019; Pigliautile10et al., 2020) and Weather Research Forecast (WRF) coupled with the
single- or multi-layer urban canopy layer model (UC) (Imran et al.,
2018; Jandaghian and Akbari, 2018 etc.) are the two most common
modelling tools (Table 3), followed by others such as Ecosystem Service
Model (Venter et al., 2020), Open Studio and EnergyPlus (Yang et al.,
2018a), Town Energy Balance (TEB) coupled with the Interaction Soil
Biosphere Atmosphere (ISBA) model (Daniel et al., 2018), Surface
Energy Balance (Mariani et al., 2016), SURFEX (Broadbent et al., 2018),
and TUF-3D (Yang et al., 2019). ENVI-met is commonly used to simulate
air-surface-plant-interactions in urban environments (Crank et al.,
2018; Tiwary andKumar, 2014). It has been utilised in simulating the ef-
fects of buildings, streets and vegetation in themicroenvironment of bi-
omes. An urban open space model was developed using ENVI-met by
Zhao and Fong (2017) for evaluating the cooling potential of different
landscape designs (base, green, grey, blue and hybrid) with the aim to
mitigate heat island effects and to relieve heat stress for humans. They
found that hybrid-NBS had further cooling benefits compared with the
singular landscape designs. ENVI-met was used with sub-module
BioMet for human-biometeorological simulations for a typical heatwave
day in Germanywhere four different urban green schemes were exam-
ined for the cooling benefit of grasslands and trees (Lee et al., 2016).
Table 3
ENVI-metmodel applied to themicro-meteorology simulations for evaluating different NBS performancemeasuring the relevant performance indicators.WRFmodel applied for themeso
to macro scale meteorology simulations for evaluating different NBS performance measuring the relevant performance indicators.
Purpose Type of NBS NBS performance indicator Reference
Quantifying cooling potential of different types of
NBS
Green/grey/blue and hybrid (Hong Kong) Reduction in temperature of air (ΔTa) and
physiological equivalent temperature (ΔPET)
Zhao and Fong (2017)
Testing four different urban green scenarios for
cooling effect
Trees and grasslands (Germany) Ta, PET and mean radiant temperature (Tmrt) to
represent human heat stress
Lee et al. (2016)
Evaluating the best suitable strategy to ameliorate
built-up micro-scale thermal scenarios.
Green infrastructure (Sri Lanka) Temperature reduction Herath et al. (2018)
Finding the extent of the maximum reduction in
outdoor human heat stress by urban green
spaces during severe summer heat
Grassland and trees (Stuttgart,
Southwest Germany)
PET, Tmrt and Ta Lee and Mayer (2018)
Studying the effects of the gaps between tree
crowns for reducing heat stress during the day
for pedestrians inside E-W built-up street
canyons in central European situations
Urban trees (Freiburg, Southwest
Germany)
PET and Tmrt Lee et al. (2020)
Examining the implication of green infrastructure
to assess the appropriate UHI management
scheme
Green roof and green wall (West Bengal,
India)
Temperature profile Ziaul and Pal (2020)
Studying the effect of heat management schemes
on the surface energy balance at the
neighborhood scale
Green roof and additional trees (El
Monte, LA, Southern California)
surface sensible heat flux (W/m2) Taleghani et al. (2019)
Evaluating the achievement of four kinds of heat
management schemes to compensate the effect
of UHI episode
Green cover (Kolkata, India) Biophysical thermal indices (human weighted Tmrt,
standard effective temperature, PET, predicted
mean vote) and Thermal parameters (thermal
radiative power, net radiation and urban
morphological parameter: sky view factor)
Chatterjee et al. (2019)
Investigating solutions to mitigate the
microclimatic conditions and improve the
thermal comfort of the citizens
Canopy, water stretch, urban vegetation
(Mirti square, Centocelle, Rome, Italy)
Ta, Universal Thermal Climate Index Battista et al. (2019)
Evaluating the various schemes for UHI impact
management during the day in regard to thermal
relief
Urban vegetation (street and roof)
(Tehran)
Sky view factor, Ta and surface temperatures, Tmrt,
PET and wind speed
Farhadi et al. (2019)
Evaluating two site-specific design strategies
(wind-path and sky view factor) for tree planting
in the built-up conditions for UHI management
Urban trees (Hong Kong) Solar transmissivity, surface temperature, Ta
reduction, Tmrt, sky-view factor
Tan et al. (2016)
Evaluating various UHI management schemes in
different built-up neighbourhoods
cool roof, cool pavement, and putting
urban greenery (Toronto, Canada)
outdoor Ta, surface temperature, Tmrt, and PET,
thermal radiative power and net surface radiation
Wang et al. (2016)
Comparing the effect of tree size and space
between trees on outdoor comfort for the
common tree types and their size
Urban Trees (Montreal, Canada) Tmrt, Ta Wang and Akbari (2016)
Assessing xeriscaping as a sustainable heat island
mitigation strategy.
Xerophytic trees with broad canopies
(Phoenix, USA)
Near-surface temperatures (2 m Ta) and Tmrt for
outdoor thermal comfort
Chow and Brazel (2012)
Assessing heat mitigation strategies Greenery and water bodies (Portland,
Oregon, USA)
Tmrt, Ta, globe temperature Taleghani et al. (2014)
Evaluating the cooling impact of trees and cool
roofs in different landscaping strategies (mesic,
oasis, and xeric)
Cool roofs and urban forestry and
(Phoenix, Arizona, USA)
2 m Ta Middel et al. (2015)
Assessing effectiveness of UHI mitigation strategies Grasses, shrubs and trees, application of
enhanced albedo substances in outer
building surfaces and urban inland water
bodies (London, UK)
2 m Ta O'Malley et al. (2015)
Investigating spatial and temporal pattern of the
UHI intensity and evaluate vegetations and cool
roof for managing UHI using WRF
Green vegetation and cool roof
(Singapore)
Temperature of near-surface air and surface skin Li and Norford (2016)
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human heat stress. Crank et al. (2018) investigated ENVI-met's validity
regarding the surface energy balance, grid sensitivity/independence,
and efficacy for assessing rooftop level heat alleviation strategies. Al-
though ENVI-met is grid dependent, the results indicated that the ex-
tent of the software's reliability on grid resolution is smaller than the
extent of the simulated effects of the alleviation plan. Therefore, the ef-
fect of grid susceptibility to moderations in vertical resolution
overshadowed ENVI-met-projected impressions of heat alleviation
strategies on air temperature. Identified limitations subjected to further
research using ENVI-met include its accuracy for atmospheric variables
other than air temperature and representation of ground to roof level
vertical mixing and surface energy balance in the urban environment
(Crank et al., 2018).
WRF is a non-hydrostatic regional climate model (RCM) which is
popular for urban meteorological studies (e.g., Imran et al., 2018).
WRF-SLUCM has intrinsic constraints for representing buildings in the11model, such as extensive (depth < 150 mm) against intensive
(depth > 150 mm) roofs and pitched against flat roofs. These might
have varying impacts on the surface energy balance, which are difficult
for the model to sort out. Different resilience scenarios (expansion of
urban green zones and deployment of cool green and white roofs)
were simulated with WRF coupled with SLUCM, using a projected
heatwave arising in Porto metropolitan zone from 24 to 26 July 2049
(Carvalho et al., 2017). Cool roofs were found to be the most effective
in mitigating high urban temperatures, whereas white roofs were con-
sidered an economically attractive option. TheWRF model was applied
at a high-resolution (300 m) and at the city scale for a combined inves-
tigation of the urban heat island effect and the feasibility of manage-
ment strategies, such as of cool roofs and green vegetation (Li and
Norford, 2016). The results revealed that the installation of cool roofs
at city scale can remarkably bring down the temperature of air near-
surface and the skin surface throughout the daylight time (particularly
during mid-day) with minor effects after evening. However, green
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yond 1 °C in the night when the UHI strength is elevated. Many others
(e.g., Lee et al., 2016; Crank et al., 2018) applied ENVI-met and WRF-
SLUCM to evaluate the effectiveness of NBS (urban parks, roadside plan-
tations, urban green space, green roofs, green walls etc.) in reducing
heat stress.
An hourly Surface Energy Balance Model was engaged for a long
time series (1981–2014) to simulate the UHI effect in five different
sites in Milan, Italy (Mariani et al., 2016). The study also manifested
the importance of soil water reservoirs in urban green areas to enhance
the cooling impact of urban greenery on UHI by both, replacing sensible
heat fluxes with latent heat and by the addition of tree canopy shading.
The outcomes of different heat management strategies depend consid-
erably on the particular urban scenario, the confined climatic set-up,
and also on the time of the day. This was studied by Saneinejad et al.
(2014) who modelled three UHI mitigation measures, i.e. evaporative
cooling, albedo enhancement and shading using a microclimate
simulation model consisting of three integrated and interconnected
sub-models (CFD; Building Envelope Heat and Moisture, BE-HAM, and
radiation). They discovered that shading provides the highest cooling,
determined according to theUniversal Thermal Climate Index for an av-
erage summer climate and for heatwave conditions.
3.4. Landslides
Table 4 summarises the input variables used to understand landslide
hazards, the types of NBS, and the most used numerical models to sim-
ulate the efficiency and performance of NBS against landslide hazards.
Along with the numerous studies addressing root reinforcement of
soils experimentally, models have been developed to represent theme-
chanical behaviour of roots and their spatial distribution (e.g., Schwarz
et al., 2013; Schwarz et al., 2010; Pollen and Simon, 2005). Thesemodels
are emerging to assess both the mechanical and hydrological effect of
NBS against landslides (e.g., Arnone et al., 2016a; Gonzalez-Ollauri and
Mickovski, 2017a). Mechanical strengthening of soil by roots increases
the soil resistance to shear stress and reduces the risk of landslides. Sev-
eral studies applied the Root BundleModel (RBM) (Schwarz et al., 2010;
Moos et al., 2016) to quantify area-wise root tensile strength as a func-
tion of movement, which had not been considered in previous models
(e.g., Wu et al., 1979). The RBM requires the root distribution of the de-
sired plant species, the location of stems, and the stem diameter at
breast height (DBH) as input data. The resulting map shows the spatial
pattern of root reinforcementwhich enhances slope stability. This result
can be used as a performance indicator for NBS targeting root reinforce-
ment, e.g., comparing the stabilising effects of various tree species
(e.g., Chiaradia et al., 2016), different forest stand structures and man-
agement practices (e.g., Dazio et al., 2018; Moos et al., 2016) and forest
clearing scenarios. The latter includes the decay of root reinforcement
following timber harvesting or the rejuvenation after a forest fire
(e.g., Vergani et al., 2016, 2017). Schwarz et al. (2012) investigated the
spatial distribution of root reinforcement in a landslide triggering ex-
periment in a mixed forest dominated by ash (Fraxinus excelsior L.) on
a slope near Rüdlingen (Switzerland). They assessed root diameters
and their distribution in soil profiles and through the escarpment of
the induced landslide. Based on the collected data, the authors
established an RBM for quantifying root strengthening as a function of
the trees' stem DBH and the distance from the stem. Other numerical
models (Table 4), such as NHWAVE, FUNWAVE-TVD, SSHV-2D
(Fornaciai et al., 2019; Emadi-Tafti and Ataie-Ashtiani, 2019), tRIBS-
VEGGIE (Eco-hydrological) model (Arnone et al., 2016b) and BROOK90
(Federer et al., 2003) have also been applied to evaluate NBS (re-vege-
tation of shrubs and trees, and their root reinforcement, stabilising
and hydrological effects) implemented against landslides. The hydro-
mechanical effect of vegetation on soil reinforcement can be modelled
by merging the mechanisms by which plants contribute to regulate
the hydrological cycle (e.g., evapotranspiration, rainfall partitioning,12preferential flow below ground etc.) with variables quantifying the
soil stress (Gonzalez-Ollauri and Mickovski, 2017a, b). In this regard,
Plant-Best is a numericalmodel that considers the hydro-mechanical ef-
fect of vegetation on slope stability using easy-to-measure climatic,
edaphic and plant metrics to support plant species selection for slope
protection using a spatially distributed approach (Gonzalez-Ollauri
andMickovski, 2017a). However, models still need to simulate robustly
how plants regulate the hydrological cycle in a context of landslide pre-
vention (e.g., Gonzalez-Ollauri et al., 2020) andhow the hydrological re-
gimes in the soil regulate the mechanical response of vegetation
(e.g., Gonzalez-Ollauri and Mickovski, 2017c).
PLAXIS is a 2D and 3D numerical model for the simulation of soil de-
formation and stability, which can be used to analyse the efficiency of
NBS for stabilising slopes and reducing landslide risk (Cofie et al.,
2000). The rainfall, slope gradient, geotechnical and hydrological pa-
rameters and soil thickness are the main forcing parameters. Lotfalian
et al. (2019) used this model to evaluate the impact of underlying foun-
dations of birch trees on soil fortification and slant adjustment. The slant
solidness found to be the function of soil varieties and the age of the
tree. The effectiveness of theNBS (trees) in delaying the risk of landslide
increased with the age of the tree (e.g., from 7 to 15 years).
The innovation and developments introduced in non-hydrostatic
1D, 2D and 3DNHWAVEmodel (Ma et al., 2012) and completely nonlin-
ear diffusive Boussinesq long-wavelength FUNWAVE-TVD model
(forced with the NHWAVE outcomes), havemade them capable of sim-
ulating tsunami generated landslides along with the potential vegeta-
tion NBS (trees, forests, and grasslands) to reduce the associated risk
(Shi et al., 2012). Fornaciai et al. (2019) investigated the capacity of veg-
etational NBS to reduce the onset and propagation probabilities of tsu-
namis generated landslides at Stromboli Island, Italy, by using
bathymetric and topographic datasets as input variables.
SSHV-2D is a 2D hillslope stabilisation model which simulates hy-
drological and greenery effects. Emadi-Tafti and Ataie-Ashtiani (2019)
applied the SSHV-2D model to investigate the different aspects of hy-
drological and greenery effects on the stabilisation of hillslopes. The
analysis showed that matric suction in the unsaturated zone and the
presence of high-density trees on the slopes enhance the safety factor
by more than 90% and up to 50%, respectively.
tRIBS-VEGGIE is an eco-hydrological model (Lepore et al., 2013;
Arnone et al., 2016a). It offers a comprehensive impact evaluation
framework of greenery on the stabilisation of hillslope by simulating
soil water availability due to moisture uptake by roots, the process of
evapotranspiration, and leaf interception. Weather parameters (wind
speed, vapor pressure, precipitation, shortwave radiation, atmospheric
pressure, evapotranspiration, cloudiness, and air temperature) and
leaf area index are the main input parameters. Arnone et al. (2016a)
used this model to assess the stability enhancement achieved by differ-
ent vegetation species,mainly dependent on their root depth and to de-
termine the efficiency of NBS in reducing the intensity andmagnitude of
shallow landslides.
BROOK90 is a comprehensive and process-based hydrologicalmodel
that simulates evapotranspiration, vertical soil water motion and river
discharge at the micro-scale (Federer et al., 2003). The model's main
forcing parameters are forest structure,meteorological andhydrological
variables, root density and soil permeability. In this model, the charac-
teristics of NBS (forest canopies) that are used to simulate their effec-
tiveness against landslides are the year-round leaf area index and
plant height, and optimised forest management practices.
3.5. Storm surges and coastal erosion
The efficiency of NBS for storm surges and coastal erosion can be
simulated using several numerical models and input variables, as indi-
cated in Table 5. For example, the SWANmodel assumes that the prop-
agation of wave energy is attenuated by green cover due to the impact
of thewaves on the vegetation,where the latter ismodelled as a vertical
Table 4
Overview of input variables and models used to simulate the efficiency and performance of NBS against landslides.
Purpose/summary Type of NBS (place) Models to simulate
NBS efficiency
Input parameters References




Root Bundle Model Root distribution data, tree stem diameter
at breast height
Schwarz et al. (2010)
Schwarz et al. (2016)
Vergani et al. (2014)
Modelling landslide susceptibility for
predicting sustainable forest
management in an altered climate
Forest management (Queets
watershed within the Olympic
Experimental State Forest








Historic Meteorological Inputs, DEM
(150 m), soil and land cover distribution,
projected meteorological inputs from
climate change scenarios, Soil and
vegetation information (cohesion, unit
weight), High resolution DEM (10 m)
Barik et al. (2017)
Modelling the effects of sand-filled ditches
on the hydrological conditions in a fruit




FEFLOW Slope geometry, ditch dimensions, soil
parameters, vegetation cover data
Widomski et al. (2010)
Assessing of the impacts of European forest
types on hill slope stabilisation (moun-
tainous area of Lombardy, Italy)




Root density and root mechanical
properties
Chiaradia et al. (2016)
To estimate the function of vineyards on
slope stabilisation by modelling the
additional strengthening to the soil
supported by grapevine roots and their
spatial distribution.
Plant roots and vegetations




Root distribution and characteristics
(diameter, length etc.), soil strength
parameters
Cislaghi et al. (2017)
Evaluate the impact of underlying
foundations of birch trees on soil
fortification and slant adjustment.
Birch trees PLAXIS The rainfall, slope gradient, geotechnical
and hydrological parameters and soil
thickness
Lotfalian et al. (2019)
To investigate the capacity of vegetational
NBS to reduce the onset and propagation
probabilities of tsunamis generated
landslides at Stromboli Island, Italy
Trees, forests, and grasslands FUNWAVE-TVD Bathymetric, topography Fornaciai et al. (2019)
To investigate the different aspects of
hydrological and greenery effects on the
stabilisation of hillslopes
Hydrological and greenery SSHV-2D Bathymetric, topography Emadi-Tafti and
Ataie-Ashtiani (2019)
To simulate the efficiency of species and
assessing its mechanical resistance
against shallow landslides.
Vegetation tRIBS-VEGGIE Bathymetric, topography Arnone et al. (2016a)
To simulate the effectiveness of NBS against
shallow landslides.
Forest canopies, leaf area index
and plant height, and optimised
forest management
BROOK90 Forest structure, meteorological variables,
root density, hydrological parameters and
soil permeability
Federer et al. (2003)
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along with the directional dissemination of the waves, whereas the
schematisation of the vegetation layer is also important and has to be
factored in. The Suzuki et al. (2011) model can calculate 2D wave dissi-
pation over a vegetation field including wave breaking and diffraction.
This model can be applied to a field scale of NBS but requires input
data on the wave geometry, direction and frequency, as well as the ge-
ometry and type of the NBS. This model has been validated against ex-
perimental data but has not been applied in the design of NBS or
estimation of the effectiveness of existing NBS. The XBeach model is ca-
pable of simulating flow, waves, sediment transport and coastal mor-
phological changes (Roelvink et al., 2009) in scenarios that include
NBS, such as mangroves, sea grass, coral reefs, etc. This model is usually
applied to medium-scale study areas (few km) using short simulation
periods (hours to days). It is based on the same general assumption as
the SWAN model and requires wave characteristics, bathymetry and
vegetation descriptors as inputs. The limitations of the model include
the lack of 3D consideration of the NBS at the field scale and verification
in the design and monitoring of new NBS.
The Sea, Lake, and Overland Surges fromHurricanes (SLOSH)model,
developed and applied by the NOAA Hurricane Center (https://www.
nhc.noaa.gov/surge/slosh.php), is an excellent example of why models
are necessary to assess risks associated with HMHs in general and of
storm surges in particular. The storm surge interactive risk maps of
NOAA National Hurricane Center's Storm Surge Unit (https://www.
nhc.noaa.gov/surge/faq.php#2) show potential storm surge impacts
for all areas and incorporate varying landfall locations, local bathymetry
and topography, varying storm sizes, forward speeds, tracks, approach13angles, and tide levels. This is accomplished by performing thousands
of different SLOSH simulations for a given area and then compositing
the results into a worst-case snapshot, indicating storm surge vulnera-
bility. Thus, for a given area of interest, the storm surge interactive risk
maps make use of thousands of hurricane landfall scenarios. The maps
are operationally used in support of interventions to mitigate risks
and impacts of storms.
The TELEMAC model is a finite element computer-based model de-
veloped by the Laboratoire National d'Hydraulique et Environnement.
The 2Dmodulewithin is capable of solving the shallowwater equations,
while the 3D module solves the complete Navier-Stokes equations,
which govern thewavedynamics. TELEMAC can be used for the detailed
modelling of the effects of NBS on coastal erosion. While validated
against real-life tidal hydrodynamics at an estuary scale (Stark et al.,
2016), the use of this model in the planning and construction of NBS,
however, has not been reported in the literature.
The ADCIRCmodel is a finite elementmodel based upon the solution
of the wave continuity equations (Luettich et al., 1992). It is capable of
accounting for different seabed drag coefficient formulations, as well
as changes in land cover, wind and atmospheric pressure which
makes it ideal for NBS applications. This model is usually coupled with
wind wave models, such as SWAN (Suzuki et al., 2011; Roland and
Douglass, 2005) for application in wave propagation, storm surge
modelling and damage assessment (e.g., Highfield et al., 2018).
TheMaritime ForestModel is a semi-analytical model of wave prop-
agation through a lattice-like array of vertical cylinders which simulate
vegetation planted as part of an NBS solution (Mei et al., 2014). The
model was validated against laboratory experiments with analogue
Table 5
Overview of input hydroclimatic variables used to understand storm surge risk and models used to simulate the efficiency and performance of NBS against storm surges.
Purpose/summary Type of NBS (place) Models to simulate NBS
efficiency
Input hydroclimatic indicators References




The rate of wave height decay
diminishes with distance into
the marsh
Sea level Hadadpour et al. (2019)
Quantifying the reduction in flood/wave






sediment loss; Water level
attenuation rates
Vegetation type, density, distribution;
water pressure; topography; current profile
during storm; wave velocity
Paquier et al. (2017)
Quantifying the stability of a marsh Salt marsh (Alabama,
USA)
SWAN Significant wave height; frequency of
occurrence of significant waves
Roland and Douglass (2005)
Explore the effect of a mangrove island on
waves reaching port, which lies behind
the island; explore the effects of
eco-engineering and managing





SWAN model Significant wave height; frequency of
occurrence of significant waves, distance to
port, type of mangrove trees, extent of
mangrove forest
Narayan et al. (2010)
Hoque et al. (2020)
Quantify the effect of mangroves on storm
surge peak water levels; the effect of




1D nonlinear, long wave
differential equation
Maximum wind speed; water levels Tanaka (2008)







Peak wind speed 227 km/h, maximum
storm tide 5.2 m; Coastal mangrove zone 1
to 4 kmwide with tree heights of 1 to 20 m,
species (Rhizophora mangle, Avicennia
germinans)
Xu et al. (2010)




Coastal and Estuarine Storm
Tide (CEST) model
Maximum winds of 195 km/h speed, peak
water level 5 m.
Dominant species R. mangle, Laguncularia
racemosa, A. germinans. Trees 4 to 18 m
high, stem diameters 5 to 60 cm.
Mangrove width 6 to 30 km; recorded
water levels
Zhang et al. (2012)
Liu et al. (2013)






Coupled storm surge and wave
model (ADCIRC and SWAN)
Hydrodynamic model (XBeach)
Sea levels high water mark elevation
records, ground surface elevations (digital
terrain model, LIDAR), flood hazard maps,
storm return periods, 1:100 flood elevation,
future sea level rise, storm locations, winds,
pressures; vertical/horizontal wave
loading; hydrodynamic force of drag,
current velocity. Exposure, aspect and
water availability considered for the
vegetation on the berms
Web et al. (2018)




Sea, Lake, and Overland Surges
from Hurricanes model (SLOSH
model)
Estimate storm surge heights resulting from
historical, hypothetical, or predicted
hurricanes by taking into account the
atmospheric pressure, size, forward speed,
and track data.
A set of physics equations which are applied
to a specific locale's shoreline, incorporating
the unique bay and river configurations,
water depths, bridges, roads, levees and
other physical features
Glahn et al. (2009)
To quantify the benefits from reef
management.
Coral reefs (Global) Nearshore hydrodynamics reef
wave model, nearshore
hydrodynamics total water
level model, model of wave
setup and run-up
Coastal profiles (2 km resolution), global
wave climate and sea levels, topo- and
bathy-metric data,
Beck et al. (2018)
To quantify coastal region resilience and




Numerical model for wave
evolution and storm surge
Present and future scenario for non-storm
and storm conditions; sea level rise, coral
reef scenarios (live, decreasing, no corals);
seagrass scenarios (different drag
coefficient); mangrove conditions
(presence of mangroves, drag coefficient)
Guannel et al. (2016)
To quantify the flow characteristics and




Experimental model of the flow
characteristics and sediment
trapping capacity
Numerical model with measured shear
stress and turbulence of flow, leaf density
Hendricks et al. (2008)
To evaluate the effectiveness of coastal




Regression analysis Wind speed, storm tracks and frequency of
34 major US hurricanes since 1980
Costanza et al. (2008)
To assess future coastal flood risk in the






US Gulf of Mexico
coast
Open-source software
‘CLIMADA’, and its ‘COASTAL’
module
The pressure, wind, rainfall, wind-waves
and storm surge were calculated using
parametric models.
Reguero et al. (2018)
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and flow around rigid ‘vegetation’, this model requires the macro scale
solution of the wave propagation before it can be applied on
realistically-modelled vegetation.
4. Advantages and limitations of modelling techniques
Numerical models (hydrological, hydraulic and aerodynamics) are
the most frequently used methods to assess NBS effectiveness for
HMR mitigation. The strongest benefit of numerical models is their ca-
pability to bring important information about state variables
(e.g., flow depth) into the simulation via the use of data assimilation
of non-conventional parameters and/or appropriately formulated dy-
namic boundary conditions. Themajor advantages, limitations, possible
uses and upgrades of these models are presented in Table 6. For in-
stance, they are capable of simulating individual NBS in a detailed man-
ner; need no spatial discretisation and have no or little trouble with
mass conservation or spatial diffusion. They are also directly associated
with NBS attributes, HMR mapping, predicting and scenario analysis of
NBS performance and efficiency (e.g., MIKE-SHE). Eulerian and
Lagrangian-based 3D numerical models, such as TUFLOW, TELEMAC,
MIKE-SHE have advantages over conventional mesh or grid-based ap-
proaches in their capacity of simulating severe weather conditions,
e.g., rapidly varying flow, tsunami, and tidal waves. However, they suf-
fer from a few limitations including: (i) propagation of input errors in
time, (ii) high computational cost, and (iii) high data requirements
(Fig. 3). Some models, such as SWMM, XBeach, TELEMAC, LISFLOOD-
FP, Flood Modeller, FUNWAVE-TVD, ENVI-met have great potential in
evaluating NBS detailed performance at the local scale but they can nei-
ther simulate the HMH routing nor their generating processes (Zhang
et al., 2018; Zhang and Chui, 2017). Other models (e.g., MIKE-SHE,
SWAT, HEC-HMS/RAS, ParFlow-TREES, ACRU, SIMGRO, and WRF-Table 6












• Incorporate almost all relevant
surface and subsurface hydrologi-
cal process
• Can simulate large-scale NBS plan-
ning due to normally great capacity
in representing the variations of
processes and features spatially
• Coarse in spatial and tem-
poral resolutions
• Cannot simulate urban
drainage systems (UDS)
• Cannot simulate the
detailed geometry and
















• Can simulate and evaluate the
green-NBS and SUDS at catchment
scale
• Power in runoff simulation and
routing
• Considers two-way interaction
between green NBS and ground-
water
• Flexible to simulate NBS design and
performance evaluation
• Does not simulate ground-
water flow and requires
groundwater data as direc
input
• SWMM and SWINGO--
VFSMOD can only simulate
an individual NBS by
assuming homogeneous
soil profile
• Cannot represent some









• Accurately simulate subsurface
flows
• Easily track and visualise subsur-
face flows
• Flexible to simulate the detailed
geometry of NBS
• Simplify the simulation of
surface rainfall runoff gen-
eration processes
• Cannot simulate large scal
NBS designing and
planning
15SLUCM) can simulate the generation of HMHs and be applied at thewa-
tershed scale (Hoghooghi et al., 2018; Barron et al., 2013; Locatelli et al.,
2017; Trinh and Chui, 2013). Not all numerical models operating at the
catchment scale are flexible to operate at smaller spatial scales, e.g., local
urban scale to simulate the performance of urban plants within sustain-
able urban drainage systems (SuDS).
The consideration of both spatial and temporal scales is essential for
the accurate operationalisation of NBS and the connectivity between
multiple NBS, the environment and the human communities in which
they are installed (Kumar et al., 2021). The spatial and temporal context
of NBS has not been properly addressed, but it is unquestionable that as-
pects related to space and time must be considered (Raymond et al.,
2017a; Ruangpan et al., 2020). Haghighatafshar et al. (2018) categorised
the spatial scale of NBS implementation into four types: (i) microscale,
(ii)watershed/mesoscale, (iii)macroscale/regional-scale and (iv) conti-
nental/megascale. As a result, the spatial scale to evaluate the perfor-
mance and impact of an NBS varies with the type of NBS and with the
type of impact considered (see Kumar et al., 2021). The spatial scale es-
tablishes context boundaries, and it determines the size of the NBS ac-
tion, e.g., landscape, catchment, stand, or plot scale (e.g., Bock et al.,
2005). Moreover, some HMHs can only be perceived at a given spatial
and temporal scale (e.g., landslides – local or landscape scale and
slow-moving; floods – mesoscale catchment scale and fast-moving),
and recurring HMHs may require greater efforts to devise flexible and
resilient NBS. The performance of some NBS against HMHs will only
be perceptible within a given time scale, e.g., plant based NBS against
landslides and erosion will only be fully functional when a dense vege-
tation cover has established on the NBS (Morgan, 2014).
Temporal scale over which a specific NBS becomes fully
operationalised and effective is not widely available in the scientific lit-
erature as it varies across HMRs, selected NBS and their location. Moni-
toring and evaluation can be done each hour, day, week, month orifferent HMHs.
Potential application Potential improvement Reference
• Evaluate the perfor-
mance and efficiency
of NBS against HMHs
in the catchment
scale
• Evaluate the optimal
allocation of NBS in
the catchment scale
• Evaluate the perfor-
mance and efficiency
of NBS against HMHs
in the catchment
scale
• Evaluate the optimal
allocation of NBS in
the catchment scale
• Allow finer spatial and
temporal resolutions
• Develop built-in NBS mod-
ules to evaluate NBS more
flexibly
• Coupling with hydraulic
modes to simulate UDS.
Ewen et al. (2000)
DHI (2007)
Kim et al. (2008)
Markstrom et al. (2008)
McKane et al. (2014)
t
• Coupled with a subsurface
hydrological model
• Improvement to consider




• To enable more flexible NBS
designs and evaluations
Massoudieh et al. (2017)
Zhang et al. (2018)
Roldin et al. (2013)
Locatelli et al. (2015)
Fox et al. (2018)
e
• Coupled with a subsurface
hydrological model
Hsieh et al. (2000)
Diersch (2005)
Simunek et al. (2005)
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andagreed goals (Kumar et al., 2021). Temporal scale can be categorised
into (i) short (within 5 years), (ii) medium (5–10 years) and (iii) long-
span (over 10 years) (Raymond et al., 2017a; Kumar et al., 2021). In the
socio-economic context, the temporal and spatial scales will be a factor
in the priorities and perceptions of stakeholders. Numerical models can
help overcome the challenge of integrating the scale within NBS pro-
jects throughout their life cycle. For example, spatially distributed, nu-
merical models with the ability of processing time series and
forecasting while dealing with uncertainty (e.g., Gonzalez-Ollauri and
Mickovski, 2017a, b, c) can be very useful to envisage the performance
of pools of NBS at multiple scales and under multiple socio-ecological
scenarios. However, numerical models are sometimes not flexible
enough to handle multiple spatial and temporal scales. To overcome
this issue, access to the model code is essential, facilitating the integra-
tion of scale and models into open-access programming languages and
software (e.g., R, QGIS; e.g., Gonzalez-Ollauri and Mickovski, 2017a, b,
c). Overall, the potential shortcoming of all the numerical models pre-
sented in this paper is that the ecosystem services of NBS are not fully
encompassed in their governing equations or physical principles
(e.g., conservation of momentum, mass, and energy). The interaction
and feedback loops are missing between numerical models and full
functions of biodiversity and ecosystems,whichportray the ecosystem's
ability to produce multiple services/benefits.
4.1. Floods
HEC-RAS, MIKE-SHE, SWMM, LISFLOOD, HYDRUS and SWAT are the
most widely used numerical models to simulate and evaluate the
flooding scenarios. Each modelling technique has its own advantages
and limitations. For instance, the HEC-RAS model can perform a sensi-
tivity and scenario evaluation to identify the important model parame-
ters for a chosen study and can accurately replicate the observed water
surface with and without NBS in place (Ardıçlıoğlu and Kuriqi, 2019).
The major disadvantage of HEC-RAS is that the model performance de-
teriorates considerably to evaluate the performance of NBS in situations
where the channel geometry becomes complex, such as varying cross-
sectional area and frequent change in channel direction (Papaioannou
et al., 2017). The MIKE-SHE model is a comprehensive tool for the sim-
ulation of floods and droughts along with the corresponding NBS at the
catchment scale. However, the application of this model is hindered by
coarse spatial and temporal resolution, extensive data requirements
and cannot simulate the detailed geometry and design features of NBS
at local scale, which limits its application in urban areas. The SWMM
model is effective in simulating runoff and flooding generated from a
single rainfall event in urban areas, where themodel output can be gen-
erated in minutes or hours time scale (flash and urban floods). It ac-
counts for various hydrologic processes that generate and reduce
runoff from urban regions (e.g., runoff reduction through NBS (grey-
green) practices, time-varying precipitation, and infiltration of rainfall
into unsaturated soil layers). Therefore, it is an advantageous and effi-
cient tool to evaluate grey measure (e.g., pipes and storm drains) with
NBS to create cost-effective hybrid (grey-green, Section 3.1) NBS for
flood risk management. The main flaw is that, in the situations where
themodel needs to run for longer time period, the computation time re-
quired to simulate runoffmay range from several hours to days depend-
ing on the size of the hydrological system which could cause
computational difficulties (time and complexity) (Burger et al., 2014).
The other models require high resolution digital elevation model data
of the river, its floodplain and the planned NBS (e.g., LISFLOOD-FP).
The strength of HYDRUSmodel is simulating themovement ofwater
and solutes in saturated/unsaturated soil medium and evaluating the
impact of vegetation (green-NBS) on the soil moisture, which is a criti-
cal parameter for flood modelling. It can generate output at seconds
time scale as well as for a long-time frame (Simunek et al., 2005). How-
ever, the main problem with the HYDRUS model is that it can only16simulate the water/solutemovement for a limited number of hydrolog-
ical systems, where themodel substantially simplifies the complexity of
a real-world system (Venkatraman et al., 2014). SWAT can successfully
analyse water, sediment and agricultural chemical yields in large and
complexwatersheds at daily time scale and for a longer time period cor-
responding to various climate and terrain characteristics (Shi et al.,
2011). However, the model requires a set of basins and weather-
related data as an input. Assembling the input database for running
the SWAT model requires considerable time and effort (Jayakrishnan
et al., 2005). Furthermore, since the model was primarily developed to
simulate runoff at river basins in the USA, application of SWAT model
for basins located outside the USA needs to be calibrated.
4.2. Droughts
For droughts, SWMM does not accurately simulate the interaction
between unsaturated and saturated flows because it linearises the soil
water holding curve and ignores the influence of underground water
on the NBS to maintain deep ground/subsurface water flows (Zhang
et al., 2018). To partially resolve these limitations, Zhang et al. (2018)
created a module that increases the hydraulic connectivity of unsatu-
rated and saturated flows and the relation betweenNBS and groundwa-
ter flows in SWMM. They validated the improved version of SWMM by
simulating the performance of different green approaches (e.g., porous
pavements, bioretention cells) in surface and subsurface groundwater
settings. Nevertheless, it could not mimic groundwater changes but
needs the direct forcing of underground water tables, which signifi-
cantly hampers its potential implementation.
ACRU model's ability to simulate the different hydrological compo-
nents enables associations with the economic implications of water
management (Rebelo et al., 2015). It efficiently mimics subsurface
groundwater changes but has drawbacks when deep regional ground-
water exists (Mander et al., 2017). The ACRU model is more advanta-
geous in data-sparse areas because it is less data intense compared to
other process-based distributed or semi-distributedmodels and its var-
iables are directly quantifiable on-site. The key disadvantage for its ap-
plication in many areas is that its standard parameters were adjusted
soil data from Southern Africa (Schulze, 1995).
The main strength of the SIMGROmodel is its integrated system ap-
proach. It can simulate the interaction among soil water, plants, meteo-
rological conditions, groundwater and surface water. SIMGRO can be
applied in circumstances where varying situations influence several
components of the hydrological cycle. For example, themodel will fore-
cast the impact of changes in shallow and groundwater distribution or a
change within drainage networks on the crop irrigation (Querner et al.,
2008). The model is not characterised for its simplicity, which consti-
tutes its main disadvantage.
4.3. Heatwaves
ENVI-met is one of the best models to evaluate NBS effectiveness
against heatwaves at the microscale. One of its main advantages is the
ability to evaluate the thermal effects of buildings, vegetation and land
cover (Égerházi et al., 2014). However, the model has shown some sta-
bility issues in abutting neighbourhoods or winding urban canyons,
non-prognostic simulation of RH (Bruse and Team, 2020), scale and
computational time. For example, upscaling from microscale to water-
shed scale is not feasible as it cannot flexibly simulate the NBS geome-
try. Recent developments improved the definition of the forcing
parameters, but the impact of the greenery on longwave radiation
fluxes were ignored (Égerházi et al., 2014; Bruse and Team, 2020).
Using only one input data for eachweather parameter, can simulate am-
bient temperature, RH, solar radiation, and wind speed but only for a
maximumof one to twoweeks.WRF, anothermajormodel for assessing
heat relieving NBS, has been broadly utilised to simulate the urban cli-
mate. However, WRF suffers from the coarse categorisation of urban
P. Kumar, S.E. Debele, J. Sahani et al. Science of the Total Environment 784 (2021) 147058canopy parameters, and further upgrades would require considerable
effort (Zhang and Chui, 2020).
4.4. Landslides
RBM, FUNWAVE-TVD, BROOK90, PLAXIS, SSHV-2D, and tRIBS-VEGG
IE were reviewed to evaluate performance and efficiency of NBS used
against landslides in Section 3.4 and here for the sake of brevity, the ad-
vantages and limitation can be discussed only for RBM, FUNWAVE-TVD
and BROOK90 models. The RBM is suitable to realistically represent the
soil reinforcement of roots and is based on the dynamic relationship of
the roots' tensile strength against displacement (Schwarz et al., 2010;
Moos et al., 2016). The model considers the maximum reinforcement
as a function of the distance to a tree stem.With mapped tree locations
and their diameter at breast height, the RBM can be efficiently used to
estimate root reinforcement area-wide and to consider its spatial vari-
ability for slope stability modelling. However, several limitations go
along with the RBM, including the assumption of isotropic root growth,
which may not be justified in tree stands with competing individual
trees. Also, the actual distribution of roots on slopes may disagree
with this assumption. Nevertheless, the RBM is feasible for estimating
root reinforcement at the stand and slope scale rather than for individ-
ual shallow landslides.
FUNWAVE-TVD is a well-balanced conservative form of the
governing equations developed to facilitate the hybrid numerical
scheme. This is an advantage of using this model to treat wave breaking
as shock waves by switching the Boussinesq equations to nonlinear
shallow water equations when the ratio of surface elevation to local
water depth exceeds a certain threshold. FUNWAVE-TVD has substan-
tial benefits due to the small number of terms in both continuity and
momentum equations and precisely simulates the propagation of fully
dispersive water waves and the efficiency NBS (e.g., vegetations). How-
ever, waves are generally produced and start their journey in deep wa-
ters while the depth limitation of the FUNWAVE-TVD models still
cannot cover properly the entire domain from shore to the deep ocean
when dealing with real life sea states (Liu et al., 2020).
BROOK90 is a relatively complex process-orientated model that can
generate daily evapotranspiration values separated into transpiration
from vegetation, direct evaporation from the soil and vaporisation of
intercepted rainfall from vegetation. It requires only a few daily input
data, such as precipitation and minimum and maximum temperature
once themodel is calibrated. All data are freely available from a number
of networks for collecting and sharing data (e.g., FluxNet and MODIS
data). The limitations are that the model does not consider non-green
leaves which may intercept solar radiation and precipitation but do
not transpire. Similarly, some parameters, such as variation in albedo
and lateral transport of water to adjacent pixels as well as channel
routing is not presented (Federer et al., 2003; Schaffrath et al., 2013).
4.5. Storm surges and coastal erosion
To improve the current modelling approach for the evaluation of
NBS in reducing the storm surges and coastal erosion risk, Spalding
et al. (2014a) suggested holistic coastal protection planning models
where the NBS would be combined with the traditional infrastructure
into a single integrated planning framework. In this regard, the existing
micro and macro-scale numerical models can be improved to account
for NBS with the addition of parameters relevant to vegetated infra-
structure and they can become more accessible and easier to use by
communities and local decision-makers. These models should be a
purpose- and site-specific, cover the meso-scale (e.g., cross- and long-
shore extent of the NBS) and include components of engineering and
ecological stability assessment. Overall, better parameterisation of the
relationships between vegetation characteristics and wave forces (try-
ing to uproot the mangrove or overturn oyster reefs) can be achieved
if knowledge from anchorage mechanics and geotechnical engineering17is translated into the NBS design. Case studies on NBS for storm surges
and coastal erosion outside the tropics are needed to assess the range
of numerical models available at a global scale.
5. Economic evaluation of NBS
In addition to bio-geophysical modelling, socio-economic models
and analysis tools, such as the CBA are often used to appraise NBS de-
signs. CBA is an evidence-based analysis framework that can be used
to evaluate the monetary value of a given project, have better alterna-
tive options, to strengthen and make the decision-making processes
transparent and help select appropriate NBS and rational resource allo-
cation for every major project (Sartori et al., 2014). Boardman's (2014)
nine steps of CBA (Fig. 4a) is one of several standardised CBA structures
to assess theworthiness of any projects (Sartori et al., 2014) and review
cost-effectiveness comparison between NBS and grey approaches. Life
cycle costing is one exemplary cost-benefit perspective where cost of
construction, operation and maintenance Nordman et al. (2018), along
with return on investment (De Risi et al., 2018) are considered for the
entire project life. The information regarding the type of solution
(grey versus NBS), their benefits, costs and indicator-based impacts
within the life cycle of the project (Fig. 1) allows analysts to estimate
the monetary value of each impact catalogued. Impact chains from
NBS and grey solution interventions can have complex pathways re-
quiring interdisciplinary cooperation to model and describe different,
plausible scenarios. Consequently, monetisation of the impacts can be
a difficult task requiring assumptions since NBS and grey solutions can
have effects in multiple value categories.
Fig. 4b illustrates common typology to divide the total economic
value of a commodity such as an ecosystem service into its different
value components. This typology reflects what kind of impacts ecosys-
tem services have on the wellbeing of individuals (Freeman, 2003).
Use values rise from the actual or planned consumption and exploita-
tion of a service which yields wellbeing. Direct values have a clear mar-
ket price, such as bare land value of standing forest. In-direct values do
not havemarket price as long as there is no fee, such as entrance fee to a
beach. Typically, in-direct value captureswellbeing from recreation. Op-
tion values exist when individuals are willing to pay for the option to
use ecosystem service in the future. In contrast to consumption, non-
use values of ecosystem service increase the wellbeing of individuals
without exploiting. Existence value means that individuals receive
wellbeing by just knowing that something exists. An example could
be a healthy population of species in a natural habitat. Altruistic and be-
quest valuesmeans that individuals are receivingwellbeing by knowing
that other individuals have the possibility to use given ecosystem ser-
vice now and in future (Bateman, 2002). This typology illustrates why
valuation of an ecosystem is such a demanding task as the actual use
value is the only category where ecosystem value has a market price.
Links between biophysical modelling of NBS and CBA can be found
from Fig. 4a (steps 3 and 4) of the Boardman structure, where the eco-
nomic analysts identify impact categories and predict the impacts quan-
titatively over the life of the project. Often NBS CBA is a part of an
interdisciplinary project where impacts of NBS are biophysically
modelled and/or tested. Cooperation between economists and natural
scientists can be beneficial in the step when impact categories and indi-
cators are selected to ensure as comprehensive CBA as possible. In prac-
tice, CBA analysts should understand from the bio-geophysical
modelling what are the expected quantified impacts with and without
a given project. In steps 3 and 4, the bio-geophysical modelling outputs,
such as exposure, hazard, and risk layers (e.g., flood inundation maps,
damage assessment and risk mapping) and the efficient and optimal
number of NBS for each HMRs are used to force socio-economic models
(CBA). However, wewant to point out that the input to the CBA is highly
dependent on anticipated impacts.When the impacts froma project im-
plementation have observable market prices, those are direct values
whereas for impacts having intangible values, different economic
Fig. 4. (a) Nine steps approach to CBA to assess the worthiness of EU funded projects and review cost-effectiveness comparison between NBS and grey approaches (source: Boardman,
2014). (b) Total economic value of an NBS service with its different value components (source: Turner et al., 1994).
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methods are required to evaluate, e.g., social effects (Bateman et al.,
2002). The net present value (NPV) for each project alternative is the
difference between value of cost and the value of benefit. A project
should be recommended if NPV is greater than zero (Pearce et al.,
2006) or greater than that for other alternatives (Boardman, 2014).
When social or ecological effects are impossible to monetise, then
the project performance is evaluated with multiple non-monetary
criteria, such as cost-efficient analysis, cost impact analysis, life cycle
cost analysis, natural capital accounting and multi-criteria decision
analysis/making (MCDA/MCDM) (Nika et al., 2020; Hassangavyar
et al., 2020). The role of non-market valuation techniques or alternative
appraisal methods, e.g., MCDA/MCDM is critical in the case of NBS
targeting HMRs. The concept of NBS withholds the idea of co-benefits18which might be changed indirectly by less tangible values, such as in-
creased biodiversity or recreational value. A holistic evaluation of NBS
requires these impacts taken into consideration when the effectiveness
is assessed. Cost-effectiveness analysis compares costs of different pro-
jects to their corresponding quantified impact which is not monetised,
such as number of lives saved (Boardman, 2014; Nyborg, 2012). Fur-
thermore, in the case of highly complex environmental problems, the
CBA approach could not provide the best options among the considered
alternatives. In this regard, MCDA/MCDM is useful when there are dis-
tinctive and clashing criteria to be pondered (Loc et al., 2017; Alves
et al., 2018; Loos andRogers, 2016).MCDA orMCDM is amethod to sup-
port decision-making processes, by optimising the balance between the
advantages and limitations of different alternatives to accomplish a spe-
cific goal (e.g., planning and designing of NBS scenarios with multiple
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tigate and discuss a politician's view of how a useful transport policy
evaluation instrument might look like. MCDA/MCDM can bemore flex-
ible than CBA. In a CBA, analysts must monetise everything, which
might be quite limiting and sometimes completely impossible. In
MCDA/MCDM one can set criteria which are measured more freely,
and the monetising does not restrict the analysis much. It supports in
decisionmaking problems, such as selecting the best adaptation options
(optimal NBS), policy-decisions, farming-decisions and any other envi-
ronment and social problems by illustrating the performance of alterna-
tives (based on the evaluation criteria, Fig. 4a), exploring trade-offs,
formulating a decision and testing its robustness (Mendoza and
Martins, 2006; Hassangavyar et al., 2020; Sironen et al., 2020). It can
be used to structure complex problems and help find a better
understanding of costs and benefits. Therefore, MCDA is useful for
decision-makers when there are multiple and conflicting criteria to be
considered (Ruangpan et al., 2020). The MCDA assigns weights to each
criterion and produces a ranking of the different measures (Chow
et al., 2014; Jia et al., 2015). For instance, Loc et al. (2017) consolidated
the outcomes of social surveys and numerical modelling into an MCDA
and rated the substitutes elicited from their flood alleviation, pollution
removal and aesthetics characteristics. Loos and Rogers (2016) utilised
multi-attribute utility theory to judge value of service from each substi-
tute contemplating priority and usefulness as separate and self-
contained elements. Petit-Boix et al. (2017) endorsed to integrate risk
appraisal models, the economic worth of the anticipated structural
and ecosystem loss, and environmental reverberation of NBS for further
research. MCDA method requires analysts to set a goal and different
predetermined criteria which needs to be fulfilled before the goal can
be reached. The aim of MCDA is to evaluate different projects in this
framework and how each project meets the criteria (Garfì et al., 2011;
Liquete et al., 2016). Sironen et al. (2020) applied MCDA to optimise
the policy instrument scenarios/criteria (e.g., enforced spatially concen-
trated permanent conservation, voluntary permanent conservation,
voluntary temporary conservation and voluntary permanent conserva-
tion with active nature management) for conserving forest biodiversity
in Southwestern Finland. The result showed that minor differences
among the instruments, with temporary and voluntary permanent con-
servation carried out via voluntary efforts producing themaximum total
benefit. Furthermore, theMCDM techniques can be used by soil conser-
vation decision-makers to identify areas prone to land degradation at
watershed-scale (e.g., Hassangavyar et al., 2020).
5.1. NBS-CBA for floods
Foster et al. (2011) compared the price and advantages of grey infra-
structure alternatives to the green infrastructure for flood protection.
They found that: (i) NPV of green roofs was ~10–14% higher than con-
ventional roofs; (ii) trees provided US$1.3 billion in stormwater profits
(based on US$0.66 /cubic foot of storage) in Houston, Texas; (iii) waste-
water treatment system using constructed wetlands costed 50% lesser
(~US$5.0) per gallon of volume than a traditional treatment provision
(US$10.00); (iv) permeable pavement reduced storm-runoff volume
by 70–90%, same as meadow or forest; and (v) a rezoning would save
nearly 16-times more (US$155 million) than flood control infrastruc-
ture (US$10 million) in terms of avoided flood damages to manage
probable future climate change impacts in a community in Canada.
Liquete et al. (2016) conducted MCA in Gorla Maggiore, a small
township in northern Italy to study the benefits of ecosystem services,
i.e. water purification, natural habitat recreation and flood regulation.
They compared green infrastructurewith traditional grey infrastructure
and with past situations (poplar tree plantation). Nurmi et al. (2016)
studied the cost effectiveness of green roofs to provide ecosystem ser-
vices in the city of Helsinki. The study focused on multiple benefits
that green roofs provide such as energy savings, storm-water control,
scenic and health benefits and emission regulation. The total benefits19to cost ratio (B/C) for green roofs in stormwater management was
0.9–2.2 in 50% green-roof buildings scenario and yielded benefits of
~US$2.3 per 4.1m2 for the city-wide green-roof scenario.
Narayan et al. (2017) assessed the economic and biophysical signif-
icance of the coastal wetlands in the northern USA by performing an
ecosystem service analysis using the avoided cost method and found
that wetlands prevented nearly US$625 million due to flood damages
during the Hurricane Sandy event (16% reduction in annual flood
losses). Combining hydrodynamic flood simulations with an economic
flood damage cost model, Gourevitch et al. (2020) identified 199 possi-
ble floodplain restoration locations as cost-effective measures for flood
risk reduction in Lewis Creekwatershed, Vermont, USA. Themodel indi-
cated that the floodplain restoration could reduce the presentmonetary
damages by up to US$400,000 at the cost of only US$75,000. Addition-
ally, the monetary benefits outnumbered the costs by at least 5 to 1
under the maximum rainfall event over 100 years, which is considered
as a useful lifetime of an NBS (De Risi et al., 2018).
The Environmental and Energy Study Institute (EESI) estimated the
cost of using a sustainable drainage system tomanage inlandflooding in
Los Angeles to be between US$2.8 and US$7.4 billion for green NBS, in
contrast to about US$44 billion for grey approaches. Furthermore, appli-
cation of a new green NBS strategy would cost US$1.2 billion over
25 years, while a commensurate grey approach strategy would cost
US$6 billion in Philadelphia (EESI, 2020).
5.2. NBS-CBA for droughts
Khogali and Zewdu (2009a, 2009b) evaluated the economic perfor-
mances of NBS such as terraces, earth embankments, irrigated commu-
nal vegetable garden and retention pond to mitigate agricultural
damages caused by droughts in Sudan. The CBA evaluation criteria B/C
ratio (>1) for each intervention with a discount rate (interest rate
needed to ascertain the current value of future cash flows) of 10%
found the retention pond as the most cost-effective measure (B/C
ratio = 2.7), followed by terraces (B/C ratio = 2.5). Mishra and Rai
(2014) evaluated the costs and benefits of indigenous soil and water
conservation (SWC) practices (e.g., agroforestry, vegetative barriers,
terraces, reforestation; stream bank control) to control erosion and in-
crease agricultural production in rural watersheds in Sikkim Himalaya,
India. The CBAwas performed for selected SWCpractices by considering
a 10-year period yield, a broad range of NPV, profitability, B/C ratio, pay-
back period, i.e. time period to retrieve the cost of funding, and internal
rate of return (IRR), i.e. yearly growth rate of the funding. A 6% discount
rate is applied to estimate the NPV. The study found that vegetative bar-
riers and agroforestry were the twomost cost-effective practices for re-
ducing soil erosion, increasing crop productivity and income. Terraces
were found to bemore expensive to be developed than other practices,
but they revealed enhanced long-term monetary returns compared to
the other SWC practices.
Atampugre (2014) evaluated the net benefits of NBS drought inter-
ventions based on NPV and IRR. They found that bench terraces pro-
vided the maximum net benefits, followed by contour bunds and
Napier grass strips to reduce agricultural risk and increase crop produc-
tivity regardless of the crop variety in the Saba sub-catchment of the
Upper Tana catchment in Kenya. The study also highlighted that the in-
vestment and the associated cost-benefits may not be feasible in the
short-term period. Addis et al. (2020) assessed the cost-effectiveness
and benefits of SWC measures to decrease soil erosion and enhance
soil productivity and crop production in the northern Highlands of
Ethiopia. The CBA was performed for numerous measures using NPV
and direct market price approach. The results showed that SWC prac-
tices reduced the erosion risk by 46.8% and increased soil fertility
while reducing the cost of fertilizer between US$3.63 and US
$17.97 ha−1 year−1. The crop yield also increased by 13% to 19.4% ha−1-
year−1, which is translated into economic return values of US$102 and
US$140.3 ha−1/y−1, respectively. SWC practices decreased nutrient
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US$477.7 ha−1.
5.3. NBS-CBA for heatwaves
Natural attributes of a surrounding (greenery, water bodies, etc.)
tend to lower down extreme temperatures in a cost-effective manner.
For instance, using NPV, EESI (2020) performed the CBA for green gar-
dens, green roofs and tree covers for mitigating heatwaves. The results
demonstrated that green roofs could maintain maximum temperatures
up to 4.4 °C lower than conventional roofs and decrease citywide tem-
peratures effectively. Also, they can decrease air conditioning costs in
premises by up to 75%. The net benefits of green roofs in managing
heatwaves are estimated up to US$14 per square foot (US$151 m−2)
than conventional roofs. Trees and urban parks could buffer and de-
crease extreme summer temperature by 7 °C with an associated eco-
nomic benefit of up to US$1.5 to US$3 for every US$1 spent in
planting trees, as compared to grey solutions.
The economic benefits derived from the presence of vegetation on
walls, roofs, gardens and tram tracks have been examined in various
studies. Perini and Rosasco (2013) analysed CBA of green living walls
and green façades by considering the human and environmental bene-
fits (e.g. regulating urban temperature and air quality improvement)
and the costs throughout their life cycle. The economic sustainability
of each NBS intervention was estimated by using three indicators: Pay-
back period, IRR and NPV. The result showed that direct green façades
provided positive NPVs between US$11544 and US$36623, and indirect
green façades' NPVs varied between US$2504 and US$17878. Of the
analysed NBS, the green façades were the most economically sustain-
able solution to reduce extreme temperature and air pollution.
Akabari et al. (2001) demonstrated that the alleviation of the extreme
built-up temperature impact with green façades, green roofs and
urban trees can decrease the U.S. national energy usage for local climate
regulation up to 20%, with a total benefit of more than US$10 billion in
energy consumption.
5.4. NBS-CBA for landslides
Petrone and Preti (2010) implemented various NBS based on soil
bioengineering techniques in the area of Rio Blanco in Nicaragua, in-
cluding live crib walls, fascine mattresses, palisades and re-vegetation
on slopes. The authors compared the costs of the considered NBS be-
tween Nicaragua and Italy, also considering the Equal Purchasing
Power exchange rate. Depending on the NBS and related involvement
of manpower and resources, costs were up to four times lower in
Nicaragua. The analysis of the costs also facilitated the consciousness
of the economic sustainability of the considered soil bioengineering
techniques in developing countries (Petrone and Preti, 2010). Salbego
et al. (2015) performed CBA to analyse whether the drainage trenches
which promote slope stability by reducing water table could be an eco-
nomically feasible solution to prevent landslides caused by heavy pre-
cipitation in Vicenta province, northeast Italy. The study estimated
that the landslides that occurred in 2010 incurred remediation costs of
US$367.4 million and infrastructure and building losses of US$1.22 bil-
lion. These costs were compared against costs associated with landslide
mitigation actions, i.e. post-event actions vs. landslide prevention. The
CBA concluded that landslide preventive measures on a single slope
scale could yield NPVs of US$21 (C/B-ratio of ~1.75) and on a larger
scale a saving potential of 30%, i.e. up to US$ 3.7 million.
Holcombe et al. (2012) also studied the economic feasibility of
drainage trenches to mitigate rainfall-triggered landslide damages in
unplanned communities in the Caribbean. The resulting C/B-ratio of
the analysis was 2.7 to 1 under conservative assumptions.
Boonyanuphap (2013) studied the costs and the benefits of vetiver sys-
tems from the agricultural perspective to promote land rehabilitation in
landslide-destructed cultivated hilly regions in Northern Thailand. The20NPV of each rehabilitation method was calculated with four different
discount rates. The results showed that all initiatives would likely to
diminish the harmful impacts of future landslides events and would
provide additional benefits related to the improvement of soil richness,
cultivation yield and revenue. If the avoided and/or diminished
damages from landslidesweremonetised, the B/C-ratio of each solution
would be most likely to increase.
5.5. NBS-CBA for storm surges and coastal erosion
Themodels for assessment of NBS for storm surges and coastal erosion
reviewed herein focused on two types of interventions, i.e., breakwaters
and horizontal levees for seawater retention. The integration of numerical
models for these types of NBS with CBA has strived to estimate the cost-
effectiveness of the NBS, following the calculation of three types of costs
through the implementation of LCA approach: (i) total construction or res-
toration cost of the NBS compared to the costs of deploying the equivalent
traditional engineering structure, (ii) ability of the NBS to mitigate/avoid
the risk of a particular HMH, being the risk evaluated in monetary/cost
terms, and (iii) provision of ecosystem services by the NBS, also quantified
in monetary terms. Ferrario et al. (2014) compared the cost efficiency of
coral reef restoration to the equivalent traditional breakwater construction
which would result in similarly observed wave attenuation. This analysis
showed that the traditional breakwater construction costs ranged from
US$456 to US$188,817 per metre, while organisational coral reef restora-
tion costs ranged from US$ 20 to US$155,000 per metre. These values
are consistent with the recent analysis by Kramer (2016), who concluded
that reef restorationwas among themost cost-effectivemethods. Costanza
et al. (1997) demonstrated the effectiveness of coastal wetlands in reduc-
ing expected damages fromhurricane-induced floods. The results showed
that a forfeiture of 1 ha ofwetland in themodel equated to an average US$
33,000 (median US$ 5000) rise in storm damage costs from particular
storms. They also charted the yearly worth of coastal wetlands (at 1 km
by 1 km pixels) by state. The value spanned from US$ 250 to US$
51,000 ha−1 yr−1, with an average of US$8240 ha−1 yr−1 (median US
$3230 ha−1 yr−1), an outstandingly larger value than previous estimates.
Coastal wetlands in the US were approximated to presently supply US
$23.2 billion yr−1 in storm defense utilities. They concluded that coastal
wetlands furnish “horizontal levees” that are sustained by nature and are
a lot more penny-wise than built levees.
5.6. Limitations of NBS economic evaluation
The framework of CBA not only formalises the decision-making pro-
cess but alsomakes itmore transparent for awider audience, improving
the integrity of the process. One can assess the expected outcomes of
each NBS alternative as comprehensively as possible by monetising
wide-ranging impacts. However, CBA is not a flawless technique and
has some limitations. For example, Hansjürgens (2004) identified
three main disadvantages of economic evaluation which are reflected
by CBA framework: (i) the problems of discounting and compensation,
(ii) lack of in-depth understanding of long-term effects, and (iii) prob-
lems of substitutability and irreversibilities of essential goods. The
weighing up approach and the comparison of human health benefits
andmonetary gains in CBA has been criticisedmainly because of ethical
considerations. This objection sustains also in issues related to environ-
mental protection where the economic assessments of projects are
feared to be harmful to nature. The rejection of other alternatives
based solely on the rankings given after economically weighing all the
available choices, constitutes another ground for criticism of CBA be-
cause the risks associated with each alternative could not be weighed.
The substitutability of various alternatives only depends upon economic
considerations. In CBA, future benefits and costs are discounted to the
current value which is not justified since the benefits of environmental
protection can be experienced after a long-term and are therefore
discounted, whereas the costs are taken at its full extent without any
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CBA also has raised many doubts due to lack of a comprehensive multi-
sectoral approach and over emphasis on economic aspects of assess-
ment. The CBA and interpretation of its results relymainly on the expert
knowledge of technocrats which makes it undemocratic in the sense
that it gives no importance to public opinion. Insufficient andqualitative
data with respect to environmental impacts and effects on human
health on one hand and strongly-convincing and quantitative economic
consequences on the other hand, amplify these shortcomings. There ex-
ists some ignorance about the future impacts of a project related to, for
example, harmful chemical substances on environment and health. The
probability of occurrence of a hazardous event and the scale of its im-
pacts and the damages it may cause, cannot be predicted. This is due
to the lack of sufficient data. Collecting large amounts of data for a com-
prehensive CBA, though not very expensive but it may cause delay in
the regulation process but the need for these data could also not be
ruled out. The dominance of interests of the economically influential
section of society is further strengthened by performing CBA on projects
which are likely to affect the health of millions.
Sadik (1978) pointed out six different CBA limitations categories:
value judgements, subjectivity, inconsistency, uncertainty, discount rate
and incomedistribution.Uncertainty anddiscount rate are twodistinctive
limitations of CBA because NBS have long life cycles with environmental
impacts not directly observable from markets. Damart and Roy (2009)
found the objectivity of CBA questionable. The methodology of CBA to
quantify costs andbenefits of a project intomonetary equivalents of social
and environmental impacts is based on the assumption of arbitrary con-
structed values and not on actualities that can be transformed straight
into pecuniary units. The uncertainty of different CBA components of
each alternative is especially problematic in an ex-post CBA where it
might be impossible to evaluate probabilities of different outcomes. The
challenge is to estimate costs, benefits and impacts of each alternative
as comprehensively as possible because the accuracy of components de-
termines the decisionmaker's confidence in providing recommendations
(Sadik, 1978).Many CBA frameworks (e.g., Boardman, 2014; Pearce et al.,
2006) require analysts to address the problems regarding uncertainty
with methods such as Monte-Carlo simulations, sensitivity analysis or
best-worst case analysis. One also faces a problem in comparing present
values of costs with possible future benefits by choosing an adequate dis-
count rate. Boardman (2014) mentioned three main unsolved issues
which yield varying discount rates: (i) use of present market interest
rates to predict weighting of the future consumption, (ii) reflection of
the future generation's choices, and (iii) attaching the same value to in-
vestment and consumption. Discounting can make severe catastrophes
seem trivial on very long time scales of ecological restoration in response
to climate change, pollution of radioactive waste and other persistent
toxins. Because not all the evaluations can be performed employing
modelling solely, surveys and fieldwork are equally important. For exam-
ple, Chou (2016) conducted an interview of stakeholders comprising 18
questions from six themes, namely availability, actions, public utilities,
ecological quality, natural values and flood protection to estimate the
qualitative fulfilment of stream restoration. Nevertheless, some of these
techniques are only suitable for microscale execution and not for large
river basins. Yang et al. (2018a) suggested a ‘relative performance evalu-
ationmethod,which uses a score to quantify the functioning for all substi-
tutes. This score is estimated as theweighted sumof the scores of discrete
indicators. From this discourse, it is evident that simply trying several
methods and choosing one by trial and errormay not be realistic for intri-
cate systems with a myriad of scenarios and criteria, and an automated
optimisationmethod could help combine the above-mentionedmethods.
6. Recommendation for future research
Numerous studies have developed and applied numerical models at
scattered and urban scale to evaluate the efficiency of specific NBS to
manage stormwater/urban flooding (e.g., Elliott and Trowsdale, 2007;21Jayasooriya et al., 2016; Zhang and Chui, 2020; Bach et al., 2020).
While large scale (landscape or catchment) implementation, monitor-
ing and evaluation of NBS are currently scattered, the majority of infor-
mation is limited to only flooding and heatwaves in the urban context.
Still, it is worth noting that these small-scale implementations have lit-
tle impact on the large-scale HMHs, such as river flooding, coastline
flooding or very intense drought conditions (e.g., propagations) that
pose the greatest challenges to communities in terms of water and
food supply. This is particularly the case when NBS planned, designed
and implemented to address societal challenges, such as climate change
and regional groundwater conditions, since both processes impact the
performance of NBS on larger scales. Therefore, there is a need to de-
velop multi-scale process-based models to better understand the effec-
tiveness of the pools of NBS on larger spatial scales (e.g., catchment,
regional, national) in its broad concepts for disaster risk reduction
(DRR) and climate change adaptation and mitigation (Kumar, 2021;
Ruangpan et al., 2020). For example, Joyce et al. (2017) advanced a
multi-scale modelling technique to evaluate the efficiency of a green-
NBS in accordance with the climate change and rising sea levels. They
studied the potential influence of green-NBS on groundwater table
and flows, but the effect of groundwater on the effectiveness of green-
NBS was not evaluated in more detail. Recently, the Urban Biophysical
Environments and Technologies Simulator model was developed to
consider groundwater table depth in themulti-scale planning and eval-
uation of green-NBS from street to city scales (e.g., Bach et al., 2020)
while the larger-scale impact of NBS is still missing.
Given the highly complicated subsurface geophysical and hydrolog-
ical conditions and processes, some of HMHs, such as groundwater
flooding, drought propagation, and deep-seated landslides require
more advanced modelling research approaches to capture their forma-
tion, monitoring and evaluating the performance of NBS implemented
against them. Modelling techniques, such as spatially distributed nu-
mericalmodels have the ability of processing and forecasting time series
while dealing with uncertainty (e.g., Gonzalez-Ollauri and Mickovski,
2017a, b, c) and can be very suitable to envisage the performance of
pools of NBS at multiple scales and under multiple socio-ecological sce-
narios. However, numerical models are sometimes not flexible enough
to handle multiple spatial and temporal scales. Thus, further research
is needed to couple and integrate different spatial-scale process-based
models into larger-scale models and also to link with open-access, pro-
gramming languages and software.
Currently, an abundance of information on NBS is already available
and well communicated within the scientific community. For instance,
numerous modelling approaches are available that vary in complexity
and accuracy, and could help a strategic planning, design, implementa-
tion and evaluation of NBS for HMR reductions. However, their applica-
tion for the implementation and evaluation of NBS effectiveness are
hampered by the lack of integration into planning practice and institu-
tional fragmentation (e.g., the lack of systematic mainstreaming be-
tween researchers, decision makers and end-users). Hence,
implementing NBS requires an overarching integration among re-
searchers (modeller or ecologists), various sectors, policy areas and
stakeholders. The proper integration of NBS functions within the fiscal
constitution may well support and improve the implementation and
evaluation of NBS. Therefore, through the integration of numerical
modelling and economic evaluation techniques in collaboration with a
variety of stakeholders (e.g., policymakers, landowners, and farmers),
it is feasible to implement cost-effective NBS. Furthermore, there is
still a lack of fiscal research and guidelines for cost-effective execution
of NBS projects and systems that can be employed to encourage new fi-
nancial and business models for effective implementation of NBS
(Ruangpan et al., 2020). Further work is needed for the advancement
of databases that integrate functions, benefits and costs of NBS to im-
prove their uptake and upscaling.
There is no single model that integrates ecosystem services and
socio-economic impacts for the entire domain of NBS. Despite some
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needed to improve numerical models currently limited by spatial and
temporal resolution simulation capacities to develop built-in NBS mod-
ules and to integrate the existing numerical models with ecosystem
models and CBA tools (multi-model approach). This interdisciplinary
modelling demands a strong collaboration and networking among var-
ious expertise (e.g., modellers, natural and social scientists) that inter-
connects the knowledge towards the development of a holistic
process-based-ecosystem-CBA model for NBS assessment.
7. Conclusions
This work provides an overview ofmethods used tomodel the effec-
tiveness of NBS in HMR reduction and to perform its monetary assess-
ment considering all (co)benefits/impacts. To date, such methods to
evaluate the broader concepts of NBS, their impacts and benefits are
not well communicated within the scientific community and there is
an evident lack of holistic appraisal methodology for NBS. This work
consolidates the relevant underpinning knowledge and the following
conclusions are drawn:
• Since the effectiveness of NBS varies with their typology, functional
requirements, types of HMHs and local conditions, preferred model-
ling techniques rely on practicality and feasibility considerations of
the spatial scale of the project, time and funding for data acquisition,
model set up, computation and end-user needs. Among the various
evaluation approaches, numerical models have typically been more
utilised to identify the optimal NBS by evaluating their effectiveness
at different spatial scales.
• Among several reviewed numerical models, MIKE-SHE, MODFLOW,
SWAT, VELMA, ACRU, SIMGRO, ParFlow-TREES, TELEMAC, and
ADCIRC were found to be capable of assessing NBS optimal allocation
and effectiveness against HMHs at the catchment scale. However, they
are data intensive, limited in spatial and temporal resolutions and
cannot simulate detailed geometry for designing features of NBS on
scattered scale. Other numerical models, such as SWMM, LISFLOOD-
FP, ENVI-met are accurate and flexible but are unable to evaluate
large scale NBS designing and planning.
• Hydrological (MIKE-SHE, SWAT) and hydraulic (HEC-RAS, LISFLOOD-
FP, Flood Modeller) models are the extensively utilised numerical
models to evaluate the efficiency of wetlands, ponds, weirs, trees
and green roofs in reducing flood risks and associated damages from
micro to large scales. MIKE-SHE, SWAT, HEC-RAS, and MODFLOW
are spatially-distributed widely used models at the watershed scale
and require copious spatial data which may not always be available,
and their spatio-temporal resolutions are usually coarse. The grid
size in these models exceeds the normal size of green NBS and they
often cannot evaluate the effectiveness of individual green NBS in re-
ducing surface runoff. They also do not support the evaluation of
SUDS, which hinders their applications in urban regions. Conversely,
SWMM, LISFLOOD-FP and Flood Modeller can be applied at a local
scale, even for the individual NBS attributes.
• Process-based models such as ParFlow-TREES, ACRU and SIMGRO are
mostly used to evaluate the efficiency of NBS implemented against
drought risk such as trees or thicket vegetation. Droughts typically
occur at the catchment scales or larger areas and thesemodels are ca-
pable of evaluating theperformances of NBS implemented for drought
risks at these scales.
• The micrometeorological model ENVI-met andmesoscale model WRF
have been widely utilised to evaluate the efficiency of NBS (green
roofs/walls, urban parks, water bodies etc.) at the micro and meso
scales. ENVI-met allows more flexibility and details in the simulation
of green NBS than WRF, although both models have their own appli-
cation niche, mainly determined by the project scale.
• To date, different numerical models have been adopted to simulate
the efficiency of specific NBS against landslide risks. Of them,22PLAXIS, FUNWAVE-TVD, SSHV-2D, tRIBS-VEGGIE and BROOK90
models arewidely used and especially suitable to assess the root rein-
forcement of shrubs, trees, forest, and grasslands for slope
stabilisation.
• It is challenging to evaluate the storm surges and coastal erosion de-
fense of NBS due to the widely variable trajectories, severities, fre-
quencies, and effects of storms. The reviewed numerical models
SWAN, TELEMAC, XBeach, ADCIR are the most extensively used to
evaluate coastal NBS (e.g., mangroves, sea grass, coral reefs,
saltmarsh) against storm surge and coastal erosion risks. The 3D ver-
sions of TELEMAC and ADCIRC models are the most thorough at sim-
ulating the complex phenomena that drive the sea waves'
propagation and anomalies.
• The limitations associatedwith numericalmodels are; their input data
requirements, spatial and temporal discretisation (grids or mesh,
time), computational difficulties (time and complexity) and lack of
modules/packages that integrate all ecosystem services and their
feedback loops or interactions among the numerical models and eco-
system functions and services.
• CBA and its different variants are widely used to assess the economic
efficiency of projects based on evaluation criteria such as NPVs, B/C
ratio and IRR. CBA studies comparing NBS against grey solutions for
HMRs reduction are still scarce. However, the existing studies clearly
indicate that nature-based interventions for HMHs such as flooding
(green roofs, wetlands and forest), droughts (vegetative barriers, ag-
roforestry, bench terrace, grass strips, and contour bunds), heatwaves
(green façades, green roofs and urban trees), landslides (drainage
trenches, vegetation roots) and, storm surges and coastal erosion
(coral reef restoration and coastal wetlands) have great economic
benefits with a positive NPVs, IRR and B/C ratio (>1), compared to
the grey approaches.
• CBA is advantageous in comparing different alternatives, subjected to
heterogenous criteria, as it normalises all their impacts and benefits in
monetary terms. It provides a comparison framework and helpsmake
rational decisions in complex situations. However, monetisation of in-
tangible benefits such as biodiversity, aesthetic values, mental and
physical health is difficult and subjective. The CBA method has prob-
lems of uncertainty, discounting, substitutability and compensation
for long-term effects of NBS.
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